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Lithium ion batteries are the most dominant power sources for portable and 
mobile applications due to their high energy density, long cycle life and no memory 
effect. Recently, all-solid-state thin film lithium ion batteries have attracted considerable 
attentions due to their promising applications in precise electronic devices, such as 
semiconductor chips, implanted medical devices, and micro-electromechanical systems 
(MEMS), etc. All the above applications require longer battery life and higher energy 
density; thus, it is very necessary to investigate the complex aging mechanisms of thin 
film lithium ion batteries. Despite numerous studies on aging issues, a comprehensive 
understanding of mechanical failure as well as the degradation of interfacial reliability 
is still not available. For small-scale all-solid-state thin film lithium ion microbatteries, 
the interfacial reliability of electrode is very crucial to maintain both structural 
integrity and electrochemical cycling performance. Therefore, the main objective of 
this thesis is to correlate the degradation of interfacial reliability with the capacity 
fading, and to analyze the related aging mechanisms of lithium ion batteries.  
The correlation study can be divided into three parts. In the first part, various 
thin film electrodes with different structures, such as rutile RuO2, anatase TiO2, spinel 
LiMn2O4 and layered LiNi1/3Co1/3Mn1/3O2, have been prepared using magnetron 
sputtering technique. Additionally, a novel all-solid-state thin film lithium ion 
microbattery (TiO2/LiPON/LiNi1/3Co1/3Mn1/3O2) has been fabricated successfully 
  Summary 
xiii 
though multilayer deposition. In the second part, a practical nanoindentation 
experiment and analysis method is established to quantitatively measure the interfacial 
reliability of thin film electrode, based on the theoretical analysis of adhesion 
mechanics. To validate the feasibility and reliability of this method, three indenter tips 
(90° wedge, 120° wedge and conical) are used for the self-assessment. Through these 
comparative analyses between different indentations, a comprehensive understanding 
of interfacial delamination process of thin film electrode is obtained. In the third part, 
combining newly-developed nanoindentation method and other instrumental techniques, 
the correlation between capacity fading and the changes in interfacial adhesion, 
mechanical behavior as well as surface morphology has been established for different 
thin film anodes and cathodes, respectively. In addition, the effects of charge/discharge 
rate and depth of discharge (DOD) on the degradation of interfacial reliability have been 
also investigated. Overall, the results of correlation studies provide new perspectives 
into aging studies of lithium ion batteries from mechanical aspect.  
The last part of this thesis covers explorative studies on local aging mechanisms 
of all-solid-state thin film lithium ion microbatteries, using a combination of various 
Scanning Probe Microscopy (SPM) techniques, i.e. Biased Atomic Force Microscopy 
(biased-AFM), Kelvin Probe Force Microscopy (KPFM), and Electrochemical Strain 
Microscopy (ESM). As a result, the combination of SPM techniques is an innovative 
and powerful tool to characterize the local electrochemical phenomena of lithium ion 
batteries, paving promising pathways for exploring aging mechanisms at nanoscale.  
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Chapter 1. Introduction 
 
Lithium ion batteries have been widely used as power sources for portable and 
mobile applications such as digital cameras, mobile phones and laptop computers, due 
to their advantages of high energy density, long cycle life and little memory effect 
[1-3]. Lithium ion batteries can be fabricated into different configurations because of 
their design flexibility, such as cylindrical, coin, prismatic and thin film batteries. 
Among of these, all-solid-state thin film lithium ion batteries have been developed in 
more recent years due to the reduction in scale and power requirement of 
micro-electronic devices. These microbatteries can be directly integrated into precise 
electronic devices, including smart cards, implanted medical instruments, memory 
chips in integrated circuits (IC) and micro-electromechanical systems (MEMS) [4-7]. 
All these applications require both long battery lifetime and high energy density. Thus, 
it is very essential to understand the aging mechanisms of lithium ion batteries [8-10]. 
However, the investigation of aging mechanism is very challenging since capacity 
fading originates from various interacting processes occurring at the same time [11].  
This chapter is organized as follows. Section 1.1 provides a brief overview of 
lithium ion batteries. The research objective and significance are presented in Section 
1.2. This is followed by a thesis outline presented in Section 1.3.  
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1.1 Overview of Lithium Ion Batteries 
1.1.1 Principles of Operation 
Lithium ion battery consists of several electrochemical cells connected together 
in serious or in parallel. Each cell stores electrical energy in chemical form and 
converts this chemical energy into electricity through spontaneous electrochemical 
reactions [11, 12] . Since the electrochemical reactions occurring at its electrodes are 
reversible, lithium ion battery is a rechargeable battery (also called “secondary 
battery”). A typical lithium ion battery cell consists of a positive electrode (cathode), a 
negative electrode (anode) and an intervening electrolyte which is a good ionic 
conductor and electron insulator. Fig. 1.1(a) shows the schematic diagram of the basic 
operation principle of lithium ion battery [6]. When the battery is discharged, two 
electrodes with different electrochemical potentials are connected by an external 
circuit or device. Li+ released by the chemical reaction at the anode migrates into the 
cathode through the electrolyte; at the same time, the liberating electrons transfer in the 
same direction through the external circuit to maintain the charge balance. In this way 
the chemical energy in the anode and cathode is electrochemically extracted to 
generate electricity. While the battery is charged, the transfer of electrons from the 
cathode to the anode through the external circuit is compensated by Li+ diffusion in 
the same direction through the electrolyte. Thus, externally supplied electrical energy 
is converted to chemical energy stored in the anode and cathode.  
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Fig. 1.1 (a) Schematic of basic operation principle of lithium ion battery; (b) 
Comparison of energy densities of different rechargeable batteries [13].  
 
1.1.2 Current Status and Challenges 
As shown in Fig. 1.1(b), lithium ion batteries have higher energy density than 
that of the other rechargeable batteries, such as lead-acid, Ni-Cd and Ni-MH. In 
addition, these batteries show excellent cyclability, high cell voltage, very low 
self-discharge rate (5% or less per month), and little memory effect. Lithium ion 
batteries are also design-flexible, which can be formed into various shapes and sizes to 
satisfy requirements effectively, e.g. cylindrical, prismatic, coin and thin film cells. 
Therefore, after the first commercialization by Sony in 1991, lithium ion batteries have 
become the most advanced and dominant power sources for portable consumer 
electronic devices, accounting for about 63% of worldwide market share in portable 
batteries [13]. In the near future, the new generation of lithium ion batteries will be 
used in more large and durable products, e.g. electric vehicles (EVs), space satellite, 
and temporary buffering system for renewable energy sources as solar and wind [8, 14]. 
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That is why lithium ion batteries have received most attention from both academics 
and industries around the world.  
Recently, the rapid progress in both portable electronic devices and EV/HEV’s 
demands increasing performance in both energy density and cycle life of lithium ion 
batteries. These performances depend on many aspects of batteries, such as intrinsic 
properties of electrode materials, control of electrode/electrolyte interface, and cell 
design and configurations. Since lithium ion battery is a very complex system, the 
aging process is extremely complicated [15-19]. Capacity fading dose not originate 
from one single effect, but from a number of interrelated effects and their interactions. 
Furthermore, these effects occur almost at the same time, thus, cannot be distinguished 
and analyzed independently, requiring more comprehensive studies on this challenge 
issue. Fortunately, compared to mature rechargeable batteries such as lead-acid and 
Ni-Cd, lithium ion batteries are still in their initial stage. Therefore, in the next decades, 
there is a large space for the performance improvement of lithium ion batteries [6, 13].  
 
1.2 Research Objective and Significance 
With the increasing demand for more durable electronic devices in today’s 
information-rich society, it is necessary to understand the aging mechanisms of lithium 
ion batteries in order to optimize both energy density and cyclability. However, as 
mentioned before, aging mechanism in lithium ion battery is very complex since the 
capacity fading originates from various interacting processes occurring at the same 
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time [11]. Therefore, numerous studies have been conducted to investigate the aging 
issues, but work on mechanical failure is still very limited. Although there are several 
publications recently, most of them just focused on stress evolution [20-23]. Since 
interfacial reliability of thin film electrode is very crucial to maintain both structural 
integrity and electrochemical cycling performance, small-scale thin film lithium ion 
batteries must have better understanding and controlling of the interface, although bulk 
batteries have less concern on these issues. However, due to the difficulty in the 
quantification of interface adhesion, comprehensive studies on interfacial reliability 
along with mechanical behavior of thin film electrodes are still blank.  
The main objective of this study was to investigate the degradation of 
interfacial reliability of thin film electrodes, and to analyze the aging mechanisms of 
thin film lithium ion batteries. For this purpose, the research work in this study was 
divided into four stages. Stage 1 involved the preparation of various thin film 
electrodes for lithium ion batteries. To characterize the interfacial adhesion, both 
experimental technique and analysis method are required. Therefore, in Stage 2 of this 
study, we established a reliable quantitative method to characterize the interfacial 
reliability of thin film electrode, based on the theoretical analysis of interfacial 
mechanics. Using this method, the degradation of interfacial reliability and aging 
phenomenon of thin film electrodes were investigated in Stage 3. In addition to 
interfacial reliability, in the last stage, in-situ exploratory studies were conducted on 
all-solid-state thin film batteries to investigate the local aging mechanisms during Li+ 
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insertion/extraction, using various Scanning Probe Microscopy (SPM) techniques.  
The specific objectives of this study were:  
 To fabricate various thin film electrodes, electrolyte and all-solid-state thin film 
lithium ion microbatteries using reactive magnetron sputtering method, and to 
characterize their electrochemical properties; 
 To establish a practical experimental method (nanoindentation technique) and 
an analysis method to characterize the interfacial adhesion of thin film 
electrode, and to validate its reliability using three different indenter tips;  
 To investigate the cycling effects on interfacial reliability, mechanical 
properties, microstructure and surface morphology change of thin film anode 
and cathode, respectively, using a combination of various instrumental 
techniques, and to examine the related aging mechanisms also; 
 To investigate the effects of charge/discharge rate and depth of discharge (DOD) 
on interfacial reliability, mechanical behavior, and surface morphology change 
of thin film electrode; 
 To obtain in-situ observations of the changes in topography, volume, phase, 
surface potential and electrochemical strain in all-solid-state thin film lithium 
ion batteries at nanoscale, by combining various SPM techniques.  
Findings of this study should contribute to a better understanding of the 
mechanical degradation of thin film electrodes. This explorative study may provide 
comprehensive insight into the aging mechanisms of thin film lithium ion batteries, 
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providing a new perspective to investigate the battery aging. Besides, the other 
important contribution is the extension of characterization method for interfacial 
adhesion to the field of lithium ion batteries for the first time; it has both innovational 
and practical values.  
 
1.3 Thesis Outline 
This thesis consists of nine chapters. Chapter 1 introduces the background and 
research objectives of this research, while Chapter 2 reviews previous literatures 
related to this study. Chapter 3 presents material preparation and characterization 
techniques used in this study, followed by Chapters 4 to 8 with results and discussions. 
More specifically, Chapter 4 extends and verifies the nanoindentation experiment and 
analysis method to characterize the interfacial reliability. This method is then applied 
to thin film anode and cathode to investigate the mechanical failure in Chapters 5 and 
6, respectively. Chapter 7 discusses the effects of charge/discharge rate and depth of 
discharge (DOD) on the degradation of interfacial reliability. Chapter 8 presents in-situ 
studies on all-solid-state thin film lithium ion batteries, using a combination of various 
SPM techniques. Finally, Chapter 9 summarizes the contributions of this thesis and 
makes suggestions for future research to further understand the aging mechanisms of 
thin film lithium ion batteries.  
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Chapter 2. Literature Review 
 
The investigation of interfacial reliability and aging mechanisms of thin film 
lithium ion batteries is a very complex issue, requiring not only comprehensive 
understanding on battery itself, such as intrinsic properties of electrode materials and 
all-solid-state thin film batteries, but also a practical method to determine the 
interfacial reliability. Thus, this chapter reviews literatures on various aspects related 
to this thesis. Section 2.1 presents various anode and cathode materials for lithium ion 
batteries, followed by Section 2.2 with an overview of all-solid-state thin film lithium 
ion microbatteries. Section 2.3 reviews previous studies on aging mechanisms of 
lithium ion batteries using various technologies. Moreover, Section 2.4 summarizes a 
variety of experimental methods developed to determine the interfacial adhesion of 
thin film/substrate structure, e.g. mechanical bending tests and indentation tests. 
Finally, Section 2.5 provides an overview of current scanning probe microscopy (SPM) 
based techniques for the local characterization of lithium ion batteries.  
 
2.1 Materials for Electrode 
Generally, electrodes for lithium ion batteries can be divided into two categories 
based on different mechanism: anode (negative electrode) and cathode (positive 
electrode), which will be reviewed separately in this section. Attention is specially paid 
to the structure as well as the electrochemical mechanism of individual electrode.  
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2.1.1 Anode Materials 
Originally, lithium metal (Li) was an attractive anode due to its extremely low 
potential. However, the low melting point, high reactivity with air, corrosion and 
dendrite formation are the main drawbacks hindering its further practical applications 
[24]. Subsequently, graphite (MCMB: mesocarbon micro-beads) was employed as 
anode material for the first generation of commercial lithium ion batteries, due to its 
good cyclability and relatively low redox potential. Graphite anode has a layered 
structure with stacking of graphene layers, showing good dimensional stability upon 
Li+ intercalation/de-intercalation [3, 6, 13, 25]. However, it still suffers from several 
problems, such as the low theoretical capacity of 372 mA h g-1, and insecurity at high 
charge/discharge rate.  
Recently, the rapid development of lithium ion batteries has motivated the 
development of new anode materials with large specific capacity, high coulomb 
efficiency and good cyclability [2, 26-29]. These materials are broadly classified into 
three groups depending on different mechanisms of Li+ insertion/extraction: (i) 
intercalation/de-intercalation based materials, such as titanium oxide (TiO2 and 
Li4Ti5O12), molybdenum oxide (MoO3) and niobium pentoxide (Nb2O5) [30-39]; (ii) 
conversion reaction based materials, including transition metal oxides, metal nitrides 
and metal sulfides [40-46]; (iii) alloying/de-alloying based materials, such as many 
metals and intermetallic alloys belonging to II, III, and IV element Groups, Si/Si-based 
composites, and Sn-based oxides [47-51].  
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 Intercalation/de-intercalation based anode 
TiO2 has been regarded as the most promising anode for lithium ion batteries, 
due to its low cost, environmental friendliness and especially high safety related to its 
redox potential (1.5~1.8 V vs. Li/Li+). Fig. 2.1 shows two common crystal structures 
for TiO2 anode: rutile and anatase [38]. Among of these, anatase TiO2 has more 
excellent electrochemical performance [52]. Another titanium oxide anode material is 
Li4Ti5O12 with cubic spinel structure and redox potential of ~1.5 V vs. Li/Li+. The 
special characteristic of Li4Ti5O12 anode is the minor volume change (zero-strain), thus, 
enabling a long term and stable cycling. However, the low theoretical capacity (170 
mA h g-1) in addition to the poor electronic and ionic conductivity restricts its practical 
use as anode for lithium ion batteries. Besides titanium oxide, other metal oxide such 
as MoO3 also has the ability of Li+ intercalation into the crystal structure. Due to its 
high theoretical capacity (1117 mA h g-1), MoO3 with layered structure has received 
much attention recently. Similar to TiO2, the main disadvantage of MoO3 is still low 
electronic/ionic conductivity, which can be overcome by two attempts: element doping 
and structure modification.  
 
 
Fig. 2.1 Rutile and anatase crystal structures of TiO2. 
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 Alloying/de-alloying based anode 
Many metal elements belonging to Group II, III, IV and V in the Periodic Table, 
such as Si, Ge, Sn, Al, Pb, Bi, Sb, and Ag, etc. have received much attention [52]. 
Since these elements can form intermetallic alloys with Li metal, they can contribute to 
the reversible capacity; thus, serve as anode materials for lithium ion batteries. The 
Li-storage mechanism is alloying/de-alloying reaction:  
 
 
M + xLi = LixM                                                     (2.1) 
 
 
Considering the theoretical capacity and voltage range of these materials, Si and 
Sn based composites are considered as the most promising anode materials, due to 
their high capacity, low reaction potential, relatively low cost, and environmental 
friendly. Silicon (Si), the second abundant element on the earth, is a common anode 
material based on alloying/de-alloying mechanism. Due to its low density, Si anode 
can deliver high theoretical volumetric capacity of 4200 mA h g-1, almost 10 times 
larger than that of graphite. Although Si can alloys large amounts of Li, a large unit 
cell volume expansion of about 300% leads to higher strain in the material, resulting in 
the electrical contact loss and capacity fading [23]. Additionally, Si-M composites (M 
= Co, Fe, Sn, C, Ca, Zn and Ag) and silicon monoxide (SiO) are also considered as 
promising anode materials. Another important system based on alloying/de-alloying 
mechanism is Sn-based materials, such as Sn-based intermetallic like Cu6Sn5, Sn based 
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composite such as Sn@C, and Sn-based oxide such as amorphous tin composite oxide 
(ATCO) [26]. Among of these, Sn@C composite has attracted considerable interest 
due to the dual behavior of carbon, which can improve the electronic conductivity and 
buffer the volume variations [6]. 
 Conversion reaction based anode 
In the year 2000, Piozot et al. reported the electrochemical reactivity and 
Li-storage ability of transition metal oxides: MOx where M = Co, Ni, Cu, Mn or Fe 
with rock salt structure, as anode materials for lithium ion batteries [45]. These 
materials exhibit higher specific capacity (~700 mA h g-1) compared to that of graphite, 
and good capacity retention up to 100 cycles at high charge/discharge rate. Here, the 
Li-storage mechanism, which is different from Li+ intercalation/de-intercalation and 
alloying/de-alloying mechanism described previously, involves the formation and 
decomposition of Li2O along with the reduction and oxidation of metal particles (M), 
respectively. Thus, the capacity of this anode is directly related to the highest metal 
oxidation state. This reversibly so-called “conversion reaction” is shown as follow:  
 
 
MOx + 2xLi+ + 2xe- ↔ M + xLi2O                                      (2.2) 
 
 
Commonly, the Li2O matrix is electrochemical inert; however, it can participate during 
the electrochemical cycling process due to the dispersion of nanoscale metallic 
particles or clusters.  
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The conversion reaction based Li-storage mechanism has been also reported for 
other transition metal oxides, such as binary oxides like NiO [43], ZnO, CdO and 
RuO2 [40, 46], and ternary oxides like CaFe2O4, ZnFe2O4 and ZnCo2O4, etc. 
Furthermore, metal nitrides (MN), sulfides (MP), phosphides (MS) and fluorides (MF) 
based on conversion reaction [53], where M = Mg, Ni, Cu, Ag or Zn, are also explored 
as candidate anodes due to their high energy density.  
 
2.1.2 Cathode Materials 
For commercial rechargeable lithium ion batteries, owing to the use of anode 
without Li-ion, the cathode (positive electrode) materials have to act as Li source, 
requiring the use of air stable Li-based intercalation/de-intercalation metal oxides, to 
facilitate the battery performance [13]. During charge, cathode materials undergo 
oxidation to higher valences upon Li+ extraction. During discharge, Li+ is inserted 
back into the cathode accompanying with the reduction of metal ions to lower valence 
[54]. Hence, the structural stability is particularly significant for cathode materials. 
During the past twenty years, although new materials for cathode are less developed 
than anode, a number of cathode materials have been proposed and performed well in 
lithium ion batteries, such as lithium cobalt oxide (LiCoO2), lithium nickel oxide 
(LiNiO2), lithium manganese oxide (LiMnO2 and LiMn2O4), and lithium metal 
phosphate (LiFePO4 and LiMnPO4), etc. [14, 31, 54-64]. In this section, common 
cathode materials will be reviewed according to their different crystal structures.  
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 Layered structure 
High temperature LiCoO2 (HT-LiCoO2) is the most common commercial 
cathode material with layered crystal structure (Fig. 2.2), due to its superior cycling 
performance, high operation potential (~4 V vs. Li/Li+), and stability at high 
temperature [10, 65-73]. HT-LiCoO2 can deliver a reversible capacity of ~120-140 mA 
h g-1 in the range of 2.7-4.2 V, corresponding to Li+ intercalation/de-intercalation of x 
=0.5 in Li1-xCoO2 [6]. However, the main disadvantages are toxicity and high cost 
since cobalt is one of the most expensive elements. Therefore, LiNiO2 with the same 
layered structure has attracted much interest, because of its lower toxicity and cost in 
comparison with LiCoO2. Although the operation voltage (3.8 V vs. Li/Li+) is slightly 
lower than that of LiCoO2, LiNiO2 can still deliver large theoretical capacity (~200 mA 
h g-1) during the first charge cycle [6].  
Besides, LiMnO2 is also a well-known cathode material for both environmental 
and economic reasons. However, the operation potential (3.5 V vs. Li/Li+), cycling 
performance and thermal stability of LiMnO2 are not very satisfactory. To solve these 
problems, element doping is made by partial substitution of Mn element by more 
electron-rich elements Co and Ni. The doped compositions, LiNi1/2Mn1/2O2 [61] and 
LiNi1/3Co1/3Mn1/3O2 cathodes [1], show high specific capacity of 160 mA h g-1 and 
excellent rate capability in the voltage range of 2.0-4.6 V. Among of these, 
LiNi1/3Co1/3Mn1/3O2 with specific composition is regarded as the most promising 
second generation cathode materials for commercial lithium ion batteries.  
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Fig. 2.2 Two dimensional layered (LiMO2) and three dimensional spinel (LiM2O4) 
crystal structures [6]. 
 
 Spinel structure 
As shown in Fig. 2.2, the three dimensional (3D) cubic spinel structure can 
provide cross-liked channels to facilitate the Li+ diffusion [6]. The advantages of this 
3D framework over layered structures are summarized below: (i) small degree of 
volume expansion/contraction upon Li+ intercalation/de-intercalation; (ii) avoiding the 
co-insertion of bulk species such as solvent molecular. LiMn2O4, the most famous 
spinel cathode material, has several remarkable advantages, such as low cost, 
environmental compatibility, good rate capability and good thermal stability [5, 20, 21, 
74-100]. LiMn2O4 has spinel structure with the space group of Fd3m, in which Li ions 
occupy the 8a tetrahedral sites and Mn ions locate at the 16d octahedral sits. However, 
this 4 V cathode suffers from the low theoretical capacity (148 mA h g-1) and bad 
cyclability at high temperature. These problems can be solved by substituting the 
manganese ions with other metal elements, such as Ni, Co, Cr, Cu and Fe [101-104]. A 
suitable doped and surface modified spinel cathode, such as LiNiMnO4 and LiFeMnO4 
can be used as 5 V cathode materials for EV/HEVs [62].  
  Chapter 2 
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 Olivine structure 
It is noted that the high toxicity, cost and safety hazards of conventional cathode 
materials such as LiCoO2, LiMn2O4 and LiNiO2, have hindered their practical 
applications, especially in biomedical field [6]. Therefore, the pursuit of cheap, clean 
and environmental friendly cathode material for lithium ion batteries has simulated the 
rapid development of LiFePO4. LiFePO4 cathode with an ordered olivine crystal 
structure (Fig. 2.3) has the theoretical capacity of ~170 mA h g-1 and the operation 
voltage at ~3.5 V vs. Li/Li+, resulting in high safety [105]. However, there are still 
several problems associated with LiFePO4, such as low inherent electric conductivity 
(only 10-9 to 10-10 Scm-1) and poor rate capability. Various attempts made to improve 
the electronic conductivity, including: (i) partial doping using other metal elements, 
such as Co, Mn, and Ni; (ii) carbon coating or co-synthesizing with carbon compounds; 
and (iii) reducing the particle size. Besides, other lithium metal phosphate as LiMnPO4 
and LiCoPO4 with the same olivine structure, are also candidate cathodes for the new 
generation of lithium ion batteries.  
 
 
Fig. 2.3 Olivine crystal structure of LiFePO4 showing Li in 1D channels [57].  
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2.2 All-Solid-State Thin Film Lithium Ion Microbatteries 
Rechargeable lithium ion batteries are the most dominant power sources for 
portable and mobile electronic devices in all aspects of today’s information-rich society, 
such as telecommunication, computation and entertainment [13]. Recently, the rapid 
advances in micro/nano- electromechanical system (MEMS/NEMS) technologies have 
largely reduced the size, current density and power requirement of electronic devices 
to the extremely lower levels [106]. Unfortunately, conventional lithium ion batteries 
have serious size and design limitations due to liquid electrolyte and separators, which 
is the main driving force behind the emergence and development of all-solid-state thin 
film lithium ion microbatteries [7, 52, 74, 107, 108]. Research on non-rechargeable 
solid-state lithium ion batteries with lithium iodide solid electrolyte, can be traced back 
to 1972 [52]. In 1990s, Bates et al. have reported and patented rechargeable thin film 
lithium ion batteries in Oak Ridge National Laboratory, resulting in the rapid 
development of thin film lithium ion batteries [107].  
As shown in Fig. 2.4, the concept and working principle of all-solid-state thin 
film battery is simple and similar to other lithium ion batteries: there are two current 
collectors, two solid films of electrodes (anode and cathode) and one layer of solid 
electrolyte in between, which are all sequentially deposited onto the substrate. 
Generally, to satisfy special requirements, the substrate material varies from silicon, 
metals, ceramics, glasses, and even polymers. For thin film electrodes, there are two 
basic requirements to be met: (i) high specific volumetric energy density (in AhL-1); (ii) 
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high cathode and low anode potential for respective redox reaction, resulting in a high 
cell potential [6]. For solid state electrolyte, it should have a high ionic conductivity 
with a negligibility electronic conductivity, as well as the electrochemical stability [12, 
52]. Among various solid electrolytes, inorganic glassy electrolyte, such as lithium 
phosphate (Li3PO4), lithium phosphorus oxynitride (LiPON), and lithium phosphorus 
silicon oxide (Li3.6Si0.6P0.4O4), has attracted much attention [52]. 
 
 
Fig. 2.4 Schematic drawings illustrating (a) the shape and components [6, 13]; and (b) 
the cross-sectional layout of all-solid-state thin film lithium ion batteries [107]. 
 
Compared to conventional lithium ion batteries with liquid electrolyte, such as 
cylindrical, coin and prismatic cells, the main difference of flat thin film batteries is the 
thin film electrode/electrolyte with small dimensions. Typically, the solid state 
electrolyte has a thickness of approximately 1 μm, while the separator in batteries with 
liquid electrolyte has a thickness of about 20 μm. Besides, there are some significant 
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features associated with thin film electrode: (a) better cyclability than its powder 
counterpart, due to the good accommodation of strain induced by volume change; (b) 
larger electrode/electrolyte contact area, leading to higher charge/discharge rate; (c) 
shorter electronic and ionic transport length permitting the use of solid electrolyte with 
low electronic conductivity [6]. Considering all factors mentioned above, remarkable 
advantages of all-solid-state thin film batteries are summarized as follow [108]:  
(i) They are compact and light weight, with high energy density (250 Whkg-1), 
excellent cycling performance (>10,000 cycles) and small self-discharge [6];  
(ii) They can be fabricated to any required size, as small as any micro- 
multilayer structure or as large as deposition equipment allows; and constructed into 
almost any two dimensional (2D) shapes on any types of substrates;  
(iii) They have intrinsic safety since there are no liquid and gaseous 
components generated during the operation, reducing the risks of liquid leakage, fire 
and explosion. Additionally, they can operate over a wide temperature range; 
(iv) They are fabricated using thin film deposition technologies in vacuum, 
providing cleaner and more intimated interface with good adhesion between layers; 
also avoiding possible moisture problems; 
(v) They are manufactured by the same techniques using in microelectronics 
industry. Thus, they can be directly integrated into semiconductor memory chips as 
“on-chip” batteries, maintaining the chip operation upon the power breakdown.  
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Due to these remarkable advantages, all-solid-state thin film lithium ion 
batteries have great potential as independent backup power sources for many kinds of 
precise electronic devices, such as complementary-metal-oxide-semiconductor (CMOS) 
chips in integrated circuits (IC), micro-sensors and micro-actuators in MEMS, smart 
cards in scan and recognition system, as well as implanted medical devices, including 
neural stimulus, cardiac pacemakers and defibrillators [106]. Furthermore, current 
battery technology is in the transition from traditional electrochemistry to solid state 
physics, concerning ionic diffusion through electrode/electrolyte interface. 
All-solid-state thin film batteries are also significant tools to investigate this challenge 
field, since all electrochemical processes are confined in a solid multilayer structure. 
Therefore, in-depth research on thin film lithium ion batteries has both theoretical and 
potential practical significances in the near future.  
 
2.3 Aging Studies for Lithium Ion Batteries 
This section reviews previous aging studies on lithium ion batteries using 
various destructive or non-destructive techniques. These studies have been mainly 
focused on the changes in electrochemical properties, structure, and morphology 
occurring in electrode and electrode/electrolyte interface of lithium ion batteries. More 
recently, some studies have begun to focus on the mechanical property change.  
Most common aging studies on lithium ion batteries focus on the 
electrochemical property changes. The traditional electrochemical methods include 
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Cyclic Voltammetry (CV), Potentiostatic and Galvanostatic measurements. These 
methods are commonly applied to all kinds of electrode materials for the investigation 
of capacity fading [102, 109]. Besides, a new electrochemical tool to investigate the 
battery aging is Electrochemical Impedance Spectroscopy (EIS) [98, 110-112]. This 
new tool has been regarded as a reliable method to identify different aging effects, 
which is a difficult task for traditional methods [8]. Zhang et al. found that capacity 
fading of LiCoO2 cathode was accompanied by an increase of charge transfer 
impendence [10]. Similar behavior has been observed in commercial cells fabricated 
by Sony company [8]. Apart from these techniques conducted at macroscale, Scanning 
Probe Microscopy (SPM) based techniques were also employed for electrochemical 
characterization at micro- and nanoscale, including Current-Sensing Atomic Force 
Microscopy (CSAFM) and Kelvin Probe Force Microscopy (KPFM) [113]. These 
studies will be reviewed in detail in Section 2.5.  
Secondly, aging of lithium ion battery is typically related to the irreversible 
changes of structure and chemical composition of electrode material [8, 9]. There are 
several commonly-used techniques to study the structure change, such as X-ray 
Diffraction (XRD), Raman Spectroscopy, X-ray Photoelectron Spectroscopy (XPS) 
and Fourier-transform Infrared Spectroscopy (FTIR). Combining XRD and Raman 
Spectroscopy techniques, Zhang et al. observed the structural degradation of 
HT-LiCoO2 cathode film [72]. Similar efforts have also been made on LiMn2O4 
cathode materials also [93, 94, 97]. Recently, a combination of XRD, Raman 
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spectroscopy, XPS and FTIR has been employed to study the surface chemistry change 
of LiNi0.5Mn0.5O2 cathode material [114]. Apart from the above ex-situ studies, 
Hirayama et al. developed a novel in-situ technique, Synchrotron X-ray Reflectometry, 
to detect the structural change at LiNi0.8Co0.2O2 electrode/electrolyte interface [115].  
Thirdly, morphology change is another important origin of the battery aging, 
which is generally investigated by microscopy. Traditionally, Scanning Electron 
Microscopy (SEM) and Transmission Electron Microscopy (TEM) were the most 
common techniques. Aurbach et al. observed the morphology change of Li anode 
using ex-situ SEM [16, 17]. Similar methods have been applied to various electrode 
materials to detect the topography change, such as Sn-Ni alloy anode [48], LiCoO2 [10, 
72] and LiMn2O4 cathode materials [93, 116]. Moreover, SEM and TEM techniques 
have been also applied to observe the formation/degradation of surface film [40, 60, 
92]. Recently, Atomic Force Microscopy (AFM) has been increasingly used for aging 
studies in lithium ion batteries [11]. Numerous groups have demonstrated the use of 
ex-situ AFM to observe the topography change before and after cycling [50, 51, 117, 
118]. To obtain real-time morphology change, in-situ AFM has been conducted using 
Electrochemical Atomic Force Microscopy (EC-AFM) [119, 120].  
Besides the above-mentioned electrochemical property, structure, and 
morphology changes, mechanical failure in electrode materials is also considered as 
the underlying aging mechanism in lithium ion batteries. Therefore, several groups 
have paid attention to the stress/strain induced by Li+ intercalation/de-intercalation 
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during cycling [20, 78, 79, 90, 102]. As early as in 1996, Rosolen et al. employed an 
optical technique, Laser Probe Beam Deflection (LPBD), to measure the 
intercalation-induced stress in thin film carbon anode after charge/discharge cycles 
[121]. Afterward, this practical method has been applied to thin film LiMn2O4 cathode 
for in-situ investigation of stress evolution and Jahn-Teller effect during cycling [20, 
21, 79]. Similarly, Mukaibo et al. applied an in-situ optical cantilever bending method 
to observe the stress transition in Sn-based anode materials [49]. Recently, numerical 
simulations are beginning to be used in studies of stress generation/relaxation in 
lithium ion batteries [122-124]. In 2006, Christensen et al. developed a numerical 
model to calculate the internal stress in spherical LiyMn2O4 cathode particles [122]. 
Subsequently, Marie et al. successfully investigated the stress evolution in LiMn2O4 
particle combining AFM and three-dimensional finite element simulation [123, 124].  
Despite a number of experimental and numerical studies on the mechanical 
failure of electrodes, most of them only focused on stress evolution and particle 
fracture. However, no studies have been focused on interfacial delamination, which is 
also a significant mode of mechanical failure for all-solid-state thin film lithium ion 
batteries. As far as we know, the interfacial reliability of electrode films, which is very 
crucial to maintain both structural integrity and electrical contact of thin film battery, 
has never been correlated to capacity fading.  
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2.4 Methods to Determine the Interfacial Adhesion of Thin Film/Substrate 
Structure 
As mentioned above, there has been no study on interfacial reliability of thin 
film electrode; this is most likely due to the difficulty in the quantification of 
interfacial adhesion, which requires not only practical and reliable experimental 
methods, but also in-depth understanding of interfacial adhesion mechanics. In the last 
few decades, there are various methods developed to characterize the interfacial 
adhesion of thin film/substrate structures, such as scratch tests, blister tests, mechanical 
bending tests, and indentation tests [125-127]. This section reviews two most popular 
and dominant methods: mechanical bending and indentation tests.  
 
 
Fig. 2.5 Schematics of (a) sandwich specimen; and (b) four-point-bending test. 
 
2.4.1 Mechanical Bending Tests 
The significant feature of mechanical bending or mechanical flexure test is the 
sandwich specimen, which is made with a thin film sample between two stiff 
substrates through diffusion bonding or epoxy glue bonding [Fig. 2.5(a)]. Among 
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various specimen geometries, four-point-bending is the most popular method in the 
microelectronics industry. As shown in Fig. 2.5(b), two elastic substrates with thin film 
on them are bonded together. Since there is a notch in the upper substrate, the crack 
propagates through the substrate and kinks into the interface upon loading [126-128]. 
However, the main limitation of mechanical bending test is its complexity and 
time-consuming procedures, including the preparation of sandwich specimens and 
step-by-step bending without automation.  
 
2.4.2 Indentation Tests 
Nanoindentation is regarded as the most promising method to quantify the 
interfacial adhesion of thin films with thickness less than a few hundred nanometers, 
due to its evident benefits: (i) simple operation; (ii) almost no sample preparation prior 
to the test; (iii) large amount of indentations made on a small piece of sample in a short 
time; and (iv) raw data provided in simple form of load-displacement curves (P-h), 
which can be further interpreted into elastic modulus and hardness. However, the 
interpretation of indentation results to quantify the interface adhesion is difficult, 
requiring theoretical analysis on solid mechanics of adhesion, and sometimes aids from 
computer simulations using the Finite Element Model (FEM) [129-133].  
In the past few years, various indentation methods have been proposed to 
quantify interfacial adhesion, such as conical indentation [134-136], wedge indentation 
[137-139], cross-sectional indentation [140], and superlayer indentation [126]. All 
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these methods have followed similar experimental procedures but different analysis to 
derive the value of interfacial toughness. As early as in 1984, Marshall et al. [135, 136] 
developed the first indentation method to characterize the interfacial toughness of thin 
film/substrate structure with brittle interfaces, using an axisymmetry cone shape 
indenter. Afterward, Drory and Hutchinson et al. [134, 141] found that the conical 
indentation can also be applied to strong interfaces (e.g. diamond coating on titanium 
alloy), to induce the interfacial delamination by penetrating the indenter deep into the 
substrate. In 1999, Kriese et al. further extended the conical indentation by adding a 
tungsten or chromium superlayer on top of the film to increase the driving force, which 
was called superlayer indentation [126]. However, the special requirement in sample 
preparation and complicated semi-analytical solution for bilayer structure may limit the 
extensive applications of the superlayer indentation method. In summary, there are 
several drawbacks in using axisymmetry conical indentation, one of which is the radial 
film cracking due to tensile hoop stress occurring along with the interface cracking, may 
influence the accuracy in the determination of interfacial toughness [137]. Therefore, 
based on the hypothetical operations of conical indentation [135, 136], de Boer and 
Gerberich [138, 139] developed another indentation method so-called Microwedge 
Indentation Test (MWIT) for thin film fine lines in 1996. In this test, plane strain 
conditions are created along the interface crack front, leading to a larger crack driving 
force compared to that of conical indentation. In 1997, Vlassak et al. applied a similar 
wedge indentation method to hard films on ductile substrates [125]. In addition, a 
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relatively new method of cross-sectional indentation has been reported by Sanchez et 
al. [126, 140].  
The microwedge indentation method and its analytical solution [138, 139], 
which is most related to the present work, is reviewed in detail in the following.  
 
 
Fig. 2.6 Schematic diagram of microwedge indentation experimental setup (a) plan 
view and (b) cross-sectional view images (no buckling condition). 
 
As shown in Fig. 2.6, the unique feature of this method is the fabrication of 
fine-line thin film (~1-5 μm) by lithography process. Since the width of the fine line 
thin film (b) is much shorter than the length of the wedge indenter tip (L), the interface 
crack front should be under a fully plane strain condition. Compressive stress, other 
than tensile hoop stress, is developed in a direction parallel to the wedge indenter, 
minimizing the film cracking. During wedge indentation, the interface crack initiated 
due to the large driving force and further steadily propagated to the equilibrium length 
after unloading process.  
By assuming the plastic zone around the indentation impression is 
incompressible and the volume displaced is conservative, the wedge indentation 
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induced stress is given as: 
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where a is the half interface crack length and b is the width of fine line thin film. h is 
film thickness. E'f is the plane strain value of elastic modulus. For a sharp wedge 
indenter tip with inclusion angle of 2ϕ, Vo is the nominal volume of the indentation 
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where d is the measured plastic depth of penetration into the fine line thin film.  
Generally speaking, there are three possible situations when the interface crack 
propagates during the indentation process: (i) no buckling, (ii) single buckling and (iii) 
double buckling (Fig. 2.7), depending on the magnitudes of the indentation induced 
stress (σo) and the critical buckling stress (σc) of the film [135, 136, 138, 139]. The thin 
film is expected to buckle if the indentation induced stress (σo) exceeds the critical 
buckling stress (σc).   
Firstly, if the indentation depth is “shallow”, no buckling occurs with a short 
crack length [Fig. 2.6(b)]. In this case, the strain energy release rate (G) associated with 
steady state crack propagation is given as [138, 139]: 
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Secondly, if the thin film is poorly adhered to the substrate under the indenter tip, 
it may buckle up when the tip is removed, which is named as the “single buckling” 
phenomenon. Thirdly, if the indentation depth is “deep”, and the crack length is 
sufficiently long, buckling may occur on two sides of the indenter tip. This phenomenon 
is called “double buckling”. Under these circumstances, additional strain energy is 
released through the buckling. Consequently, the strain energy release rate when 
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Specifically, the critical single-buckling stress (σcsb) and critical double-buckling 
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Finally, the phase angle (Ψ), which defines the mode mixity for thin film 
approximation, is given by: 
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,                              (2.9) 
 
 
where M and P are defined as the moment per unit length, and the change in resultant 
force, respectively. ω is a dimensionless scalar function ω=ω(α, β, h/H ≈ 0), where H is 
the thickness of the substrate [138, 139].  
 
 
Fig. 2.7 Schematic diagram of events in Microwedge Indentation Test (MWIT) (a) no 
buckling; (b) double-buckling; and (c) single-buckling [139]. 
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In summary, Microwedge Indentation Test (MWIT) is a useful technique for the 
quantification of interfacial adhesion of metallic fine lines on SiO2 substrate with brittle 
interface. However, there are difficulties in the preparation of the fine line shape samples. 
In this thesis, the microwedge indentation method is extended to characterize the 
interfacial toughness of continuous thin film/substrate structures (Chapter 4).  
 
2.5 Scanning Probe Microscopy 
It is noted that the optimization of energy density and life time of lithium ion 
batteries requires the in-depth understanding of electrochemical mechanisms from 
macroscopic to microscopic levels [142]. Among them, macroscopic electrochemical 
functionality has been extensively investigated by both academics and industries. 
However, due to the limitation of experimental and analytical method, the 
electrochemical mechanisms from mesoscopic to microscopic levels, involving the 
electronic/ionic diffusion, local phase transformation, charge/vacancy trapping, and 
electrode/electrolyte interfacial phenomena, are still not very clear. In the past two 
decades, Scanning Probe Microscopy (SPM) has emerged as a powerful tool for 
characterizing the multiple physical properties of functional materials at micro and 
nanoscale, such as piezoelectricity, ferroelectricity, magnetism, surface electrical 
properties, and even tribological properties of semiconductors, multi-ferroelectrics and 
biological materials [143-154].  
Recently, several research groups have begun to apply functional SPM 
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technologies to the field of energy storage systems, such as lithium ion batteries, to 
investigate the local electrochemical functionality and aging mechanism, focusing on 
surface morphology [11, 155-162], conductance [63, 64, 163, 164], impedance [112], 
electrostatic potential [165], and surface/interface phenomena [117, 120, 166]. Here, 
we provide an overview of various SPM-based technologies applied to lithium ion 
battery functionalities, based on various detection principles (Table 2.1).  
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Noted: (AFM) Atomic force microscopy; (EFM) Electrostatic force microscopy; (KPFM) Kelvin 
probe force microscopy; (SIM) Scanning impedance microscopy; (c-AFM) Conductive atomic 
force microscopy; (SICM) Scanning ion-conductance microscopy; (STM) Scanning tunneling 
microscopy; (NIM) Nano-impedance microscopy.  
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 Topographic imaging (AFM) 
Force-based topographic imaging is the most classical SPM technology, 
providing detailed information on topographical features with very high resolution. 
Recently, many works have been performed to investigate the surface topography and 
roughness change of battery materials during electrochemical cycling process, such as 
LiCoO2, LiMn2O4 and graphite, using Electrochemical Atomic Force Microscopy 
(EC-AFM) [11, 155-162]. These in-situ SPM studies allow not only establishing the 
relationship between electrochemical cycling and morphological changes, but also 
providing information on phase changes and solid electrolyte interface (SEI) film 
formation.  
 
 Static electrostatic imaging (KPFM and EFM) 
The static electrostatic SPM technologies are based on the detection of long 
range cantilever-surface electrostatic force [142], including KPFM and EFM. These 
technologies have been widely used for the imaging of local electrical properties such 
as dipole moment and work functions, in semiconductor materials, ferroelectrics, 
organic materials, as well as in wear and corrosion studies [167-171]. However, 
applications to lithium ion batteries are still very limited. Using the ex-situ KPFM 
technique, Nagpure et al. investigated the surface potential change of LiFePO4 cathode 
from cylinder batteries, establishing a preliminary relationship between surface 
electrical modification and battery aging [165].  
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 Dynamic electrostatic imaging (SIM) 
Impedance spectroscopy has been considered as the major technique to 
characterize ac transport in electronic materials. Recently, SIM, which is essentially 
equivalent to the dynamic version of impedance spectroscopy, has been developed for 
the quantitative imaging of both ac and dc transport properties in electrically 
inhomogeneous materials, such as semiconductors [147, 148, 172]. This technique can 
obtain local interface capacitance and resistance, through mapping the phase and 
amplitude of local potential with respect to an electric field applied across the sample 
surface. However, due to the difficulties in interpreting the large amount of data 
provided from the experiment, SIM technology has less practical applications for 
lithium ion batteries until recently [112].  
 
 DC current imaging (c-AFM/CSAFM) 
The current-sensing AFM (CSAFM) or c-AFM technique is based on the 
detection of local current response to the tip bias, providing information on surface 
conductance distribution around the sample surface. For example, Kostecki et al. 
applied the CSAFM technique to investigate the variability in conductivity between 
different grains and grain boundaries in LiNi0.8Co0.2O2 cathode materials, as well as the 
surface conductance loss accompanying with the capacity fading [63, 64]. In summary, 
conductive AFM techniques are very important and powerful tools to explore the 
electronic conductivity of electrode materials for lithium ion batteries. However, the 
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main limitation of these current-based techniques is the extreme sensitivity to surface 
state and environmental conditions, such as humidity. In addition, c-AFM cannot 
detect ionic currents to explore ionic conductivity, which is very significant for battery 
materials.  
Overall, SPM-based technologies have proven useful and very promising in 
understanding the surface electrochemical phenomena in anode and cathode materials, 
paving the pathways for probing local aging mechanisms of lithium ion batteries at 
micro and nanoscale.  
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Chapter 3. Materials and Experimental Methodology 
 
This chapter presents the sample preparation of thin film lithium ion batteries 
and experimental techniques pertaining to this work. The detail procedures of target 
fabrication and film deposition are described in Section 3.1, while the techniques to 
measure electrochemical performance are described in Section 3.2. The structure and 
morphology characterizations are described in Section 3.3 and 3.4, respectively. 
Section 3.5 presents the nanoindentation procedures to investigate the mechanical and 
interfacial properties of thin films, followed by crack profile characterization. Finally, 
the principles and setup for Scanning Probe Microscopy (SPM) are provided in Section 
3.6. Fig. 3.1 shows the overview of the experimental methods in this project.  
 
Fig. 3.1 Overview of the experimental methods in this project. 
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3.1. Material Preparation 
3.1.1 Target Fabrication 
Thin film samples used in this study can be categorized into three types: anode, 
cathode and electrolyte. Ruthenium and Titanium metal targets used for RuO2 and TiO2 
anode deposition were purchased from Super Conductor Materials, Inc. (3 inch diameter 
and 3 mm thick, 99.99% purity). Target for lithium phosphorus oxynitride (LiPON) 
electrolyte was commercial Li3PO4 target with a copper backing (Super Conductor 
Materials, Inc., 2 inch diameter and 3 mm thick). Other sputtering targets for LiMn2O4 
and LiNi1/3Co1/3Mn1/3O2 cathode were fabricated in-house using corresponding 
commercial powders, which were cold-pressed into a 2 inch pellet under a pressure of 
10 MPa, followed by sintering in air at 900 ºC for 15 h to obtain robust targets.  
 
3.1.2 Film Deposition 
In this project, all thin film electrodes and electrolyte were prepared by reactive 
magnetron sputtering, which is a physical vapor deposition (PVD) method in the 
presence of chemically reactive gases reacting with the ejected target material [173, 
174]. Specifically, RuO2 and TiO2 anode films were fabricated using direct current (DC) 
sputtering, while other films were deposited by radio frequency (RF) sputtering. Films 
were deposited on two kinds of substrate: Si (100) substrate (15 × 15 mm and 1.5 mm 
thick) and high polished pure Ti plate (10 mm diameter and 1 mm thick), which were 
all pre-cleaned in acetone. Detailed deposition parameters are shown in Table 3.1.  
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Table 3.1: Deposition parameters for magnetron sputtering 
Target 
Anode Cathode Electrolyte 
Ru Ti LiMn2O4 LiNi1/3Co1/3Mn1/3O2 Li3PO4 
Temperature RT 650 ºC 700 ºC RT 
Power (W) 100 100 100 60 
Gas Ar-O2 (3:1) Ar-O2 (13:1) Ar-O2 (13:1) N2 (100%) 
Thickness (nm) ~150 ~250 ~250 ~1000 
Work pressure (Pa)                       1.33 
 
3.2 Electrochemical Characterization 
3.2.1 Battery Assembly 
The electrochemical cell used in this study is customized Swagelok-type cell 
(Swagelok Ltd, Solon, Ohio, USA), which was assembled in an Ar-filled glove box 
(MBRAUN Glove box Technology, Germany) with both H2O and O2 levels less than 
0.1 ppm. The half-cell consists of a thin film electrode with an active area of 
approximately 1.0 cm2 as the working electrode, lithium metal foil cut into disc (1.2 
cm diameter and 6 mm thick) as the counter electrode, and glass micro-fiber filter 
(GF/F) as micro-porous separator. The liquid electrolyte was the solution of 1M LiPF6 
dissolved in a mixture of ethylene carbonate (EC) and diethyl carbonate (DEC) 
(volume ratio of 1:1).  
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3.2.2 Galvanostatic Cycling 
Galvanostatic cycling is one of the most important techniques for the 
electrochemical measurements of lithium ion batteries. Though this method, the 
relationship between voltage and specific capacity (ability of energy storage per unit 
weight or volume of electrode material) at a constant current density can be derived. In 
this study, the Galvanostatic charge/discharge cycling of cells was conducted using a 
commercial battery tester (Model: BTS Series, Neware Technology, China) at room 
temperature (about 25 °C). The settings of voltage range and current density vary from 
one electrode to another. 
 
3.3 Microstructural Characterization 
3.3.1 X-ray Diffraction 
X-ray Diffraction (XRD) is a very common tool for characterizing the micro- 
structure of materials, providing important information on crystal structure, crystalline 
orientation, interplanar spacing, and crystallite size in some cases. In this study, XRD 
analysis was conducted using an automated Shimadzu X-ray diffractometer (Model 
XRD-7000, Shimadzu, Japan) equipped with monochromatic source of CuKα radiation 
(λ=1.54056 Ǻ) at a scan speed of 2° min-1. As a result, a plot of intensity versus 2θ (θ 
represents Bragg angle) was obtained, which was subsequently compared and matched 
with the standard data in the form of JCPDS (Joint Committee on Powder Diffraction 
Standards) provided by International Center for Diffraction Data (ICDD), USA.  
  Chapter 3 
40 
3.3.2 Energy Dispersive X-ray Spectroscopy 
Energy-Dispersive X-ray Spectroscopy (EDS or EDX) is a classical technique 
used for the elemental analysis and chemical characterization of materials. It depends on 
the characterization of an interaction between some source of X-ray excitation and the 
sample, allowing the quantification of the elemental composition of specimen area. In 
general, EDX systems are most commonly attached to Scanning Electron Microscopes 
(SEM-EDX) or Transmission Electron Microscopy (TEM-EDX). In the present work, 
EDX analysis was carried out through Field Emission Scanning Electron Microscope 
(FESEM) (Model: HITACHI S-4300, Hitachi, Japan), in order to identify the element 
compositions on thin film surface, delaminated area and bared substrate after wedge 
indentation tests.  
 
3.4 Morphology Characterization 
3.4.1 Surface Profilometer 
Surface Profilometer is a common instrument for the measurement of surface's 
profile, in order to quantify the thickness. In this work, the thickness of thin film 
electrodes was measured using a contact Surface Profilometer (Model: KLA Tencor 
P10, KLA Tencor, USA). During the measurement, a diamond stylus was vertically in 
contact with the sample and then moved laterally across the masked step to profile the 
film thickness. The measured thickness for all thin film electrodes and electrolyte are 
summarized in Table 3.1.  
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3.4.2 Field Emission Scanning Electron Microscope 
Field Emission Scanning Electron Microscope (FESEM) is the most widely 
used microscopy in order to study the surface morphology of powder or thin film 
samples, providing visual information on particle size, shape, texture and defects of 
materials. FESEM images are obtained by scanning the sample using a high energy 
beam of electrons in a raster scan pattern. In this study, FESEM was used to image the 
surface morphology of sputtered thin film electrodes.  
 
3.4.3 Atomic Force Microscope 
Atomic Force Microscopy (AFM) is a classical type of scanning probe 
microscopy, with very high demonstrated resolution in the order of nanometer. AFM, 
consisting of a cantilever with a sharp tip to scan over the sample surface, is 
considered as one of the most prominent tools for nanoscale imaging. Therefore, 
compared to FESEM, AFM provides more extraordinary morphology images with 
clear nano-features, and also 3D topographical images.  
In this work, a commercial AFM (Model MFP-3D, Asylum Research, USA) 
using the incorporated Dual-Frequency Resonance Tracking (DFRT) technique was 
used to capture the topography images of thin film electrode. All topography images 
were obtained in the intermittent contact mode (trapping mode) using a Pt-coated 
conductive silicon tip (Model: AC240, Electric-lever, Olympus, Japan; tip radius of 
~28 nm). The resonance frequency of the tip is about 75 kHz with the spring constant 
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of 2 N m-1. All AFM topographical images were obtained by a pixel density of 512 × 
512 with a scan rate of 1 Hz. Other parameters were also optimized to obtain high 
quality images. In addition, the surface roughness of thin film electrode can be 
quantitatively identified by the root-mean-squared roughness (RMS) determined using 
a roughness analysis tool in the AFM control software (AR version 6.22A-101010).  
 
3.5 Mechanical Characterization 
Nanoindentation has been utilized as the most practical and convenient 
experimental tool to investigate the mechanical properties of various types of thin 
films and interfaces. Comparing to other mechanical methods, such as tensile and 
bending tests, nanoindentation technique has remarkable advantages: (a) accurate 
measurements of mechanical properties at nanoscale due to very small applied load; (b) 
large amounts of data obtained from small sample area; (c) simple sample preparation 
and experimental procedure. Thus, in this study, two kinds of nanoindentation systems 
were used as main experimental tools to determine different properties.  
 
3.5.1 Elastic Modulus and Hardness 
Nano Indenter XP (MTS Corporation, Nano Instruments Innovation Center, 
USA) with the continuous stiffness measurement (CSM) option was used to determine 
the mechanical properties of thin film electrode, namely elastic modulus (E) and 
hardness (H). During the CSM measurements, a high frequency oscillated force was 
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imposed to drive the motion of indenter tip, while continuously monitoring the tip 
displacement at each point. Therefore, film only properties can be determined by 
analyzing the loading curves (Section 4.3.1). In this study, a standard Berkovich 
diamond indenter tip (three-side pyramid, inclusion angle of 131°C) with the tip radius 
of about 50 nm was utilized. Nanoindentation tests to determine elastic modulus and 
hardness were performed under strain-rate control as follows: (i) approaching the 
indenter tip until it touched the sample surface; (ii) loading was applied with a constant 
strain rate of 0.05 s-1 until the tip reached to the maximum displacement (hmax); (iii) 
holding at the maximum displacement for about 20 s; and (iv) unloading with the same 
rate as the loading. At least 20 indents were made on each sample, and the indent 
interval distance was set to be at least 50 μm to avoid any interactions between two 
adjacent indents.  
 
3.5.2 Interfacial Toughness Characterization 
To determine interfacial toughness of thin film/substrate structures, another 
commercial nano-indenter (UMIS-2000H®, CSIRO, Australia) with three types of 
indenter tips (90° wedge, 120° wedge and conical) were used. Table 3.2 shows the 
specifications of different indenter tips (tip lengths were measured by SEM images). 
Both wedge and conical indentations were conducted under load-control through three 
steps: (a) loading for 20 s until the maximum load reached; (b) holding at the maximum 
load for 20 s; (c) unloading with the same rate as the loading. The penetrations depths 
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were set within the range from 50% to more than 100% of the film thickness. To 
determine the critical load (Pcritical) for interfacial delamination, the indentation tests 
were repeated at different maximum loads (Pmax), and twenty indents were made for 
each load condition. Fig. 3.2 illustrates the schematic diagram of wedge indentation 
configuration and induced interfacial delamination. During the indentation process, the 
indenter tip was slowly impressed into the thin film to induce plastic deformation, 
resulting in an elliptical interfacial delamination that spreads out from the impression, 
with the increase of indentation depth.  
 
Table 3.2: Specifications for different indenter tips 
Indenter tip 90° wedge tip 120° wedge tip Conical tip 
Inclusion angle 90° 120° 90° 




Fig. 3.2 Schematic of wedge indentation configuration and interfacial delamination. 
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3.5.3 Crack Profile Characterization 
In this work, indentation induced interfacial delamination was observed from 
both plan and cross-sectional views to determine the relationship between the 
indentation P-h curves and the delamination process. FESEM was used to capture plan 
view images of indentation impression, film cracking and also the delamination area. 
Additionally, a Focused Ion Beam (FIB) equipment (Model: Quanta 200 3D, FEI 
Company, USA) with Ga liquid metal ion source was used to make cross-sectional 
cuttings in various positions to have complete view of interfacial delamination: (a) 
perpendicular to and at middle of the indentation impressions (Fig. 3.2); (b) 
perpendicular to and away from the end of the impressions; and (c) parallel to the 
impressions. To acquire good image without undesired film damage and re-deposition, 
a double-step cutting technique was utilized: (i) high energy ion beam (30 kV voltage 
and 81 pA current) was used to remove the material; (ii) low energy ion beam (20 kV 
voltage and 30 pA current) was used to produce a clean final-cut. After cutting process, 
corresponding cross-sectional images were captured using extremely low energy ion 
beam (20 kV voltage and 10 pA current) to minimize the film damage. Based on these 
images, both interfacial crack length and area were immediately measured and used for 
the calculation of interfacial toughness. At least ten cuttings were made for each set of 
indentations to ensure the calculation accuracy.  
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3.6 In-situ Scanning Probe Microscopy Study 
In this study, three kinds of scanning probe microscopy (SPM) techniques were 
implemented to in-situ investigate the local aging mechanisms of all-solid-state thin 
film lithium ion batteries. The details of working principle and experimental 
procedures for each technique are described below.  
 
3.6.1 Biased Atomic Force Microscopy 
Biased Atomic Force Microscopy (biased-AFM) is commonly used to apply 
bias to the sample surface through tip-sample contact. In this work, biased-AFM was 
operated through the commercial AFM system. As shown in Fig. 3.3(a), the conductive 
substrate is electrically connected to the AFM system. The biased-AFM operated in 
contact mode applies a DC voltage through the conductive cantilever tip while the tip 
scans over the sample surface (scan rate of 1 Hz), thus, electric field corresponding to 
the applied bias can be induced on the scanned region. The tip voltage was set within 
±3 V for battery materials. It is noted that all SPM studies in this thesis were conducted 
at room temperature (~25 °C) under the ambient condition, using the Pt-coated 
conductive tip (detailed in Section 3.4.3).  
 
3.6.2 Kelvin Probe Force Microscopy 
Kelvin Probe Force Microscopy (KPFM) is a non-contact and practical method 
for measuring the surface potential distribution at micro- and nanoscale [175]. The 
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measured surface potential relates to many surface phenomena, such as charge 
distribution in insulator, band-bending in semiconductors, and charge trapping in 
dielectrics, providing valuable information on surface electrical properties of materials. 
As shown in Fig. 3.3(b), two-trace scanning is performed in KPFM mode, topography 
image is obtained during the first trace scan which is similar to standard tapping mode 
AFM. The second trace scan is conducted in non-contact mode to measure the surface 
potential difference by lifting the conductive tip up to a fixed distance (ΔZ) along the 
first trace. Due to the difference in the work functions between the electrically 
connected conductive tip (Φtip) and the sample (Φsample), an electrostatic contact 






=                                                  (3.1) 
 
 
Therefore, during the second scan, an oscillating AC voltage (VAC) is applied to 
the tip resulting in an electrostatic force originated from VCPD between the sample 
surface and the tip, which is detected by a lock-in amplifier [Fig. 3.3(b)]. If an applied 
external voltage (VDC) is adjusted by a potential feedback loop control to nullify the 
oscillation electrostatic force, the amount of this compensating voltage (VDC) is equal 
to the work function difference between the sample and the tip (VDC = VSP), thus, 
yielding the potential map of sample surface [113, 152, 175, 176]. In this study, surface 
potential measurements were conducted using AFM machine in KPFM mode, by 
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applying an AC voltage of 3 V to the cantilever tip which was lifted up from the 
sample surface to a distance of 40 nm to get better resolution. The low scan rate (1 Hz) 
provided enough time to accumulate the trapped surface charges. All KPFM images 
were generated by a pixel density of 256 × 256 in 1 × 1 μm2 scanned region.  
 
 
Fig. 3.3 The schematic diagram of (a) dc-writing operation in biased-AFM and (b) 
KPFM measurements. 
 
3.6.3 Electrochemical Strain Microscopy 
Electrochemical Strain Microscopy (ESM) is a newly developed SPM 
technique to probe electrochemical reactivity and ionic diffusion in solids on micro- 
and nanometer level [68, 177-180]. Therefore, ESM is a valuable tool for a broad 
range of electrochemical applications, such as lithium ion batteries, solar cells and fuel 
cells. The operation principle of ESM is very similar to Piezoresponse Force 
Microscopy (PFM) with the only difference is the mechanism of bias-strain coupling. 
PFM measures the mechanical strain induced by local piezoelectric response to the 
applied electrical field, while ESM detects the electrochemical strain originated from 
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bias-induced ionic diffusion and the related volume change of material. ESM 
measurements are conducted based on band excitation (BE) approach, which provides 
an alternative to traditional single frequency and frequency-sweep methods. During 
BE-ESM measurement, the cantilever is excited using a synthesized digital which 
spans a continuous band of frequencies; and the mechanical response can be monitored 
at all frequencies within the same (or larger) frequency band simultaneously. Using 
high-speed data-acquisition hardware, the cantilever responses are detected and 
Fourier transformed at each point  
 
 
Fig. 3.4 Schematic of operation principle of ESM method on a battery material [142]. 
 
Figure 3.4 shows the operation principle of the ESM technique on a battery 
material. In this approach, bias is applied to the cantilever tip in contact with the 
sample surface. The conductive substrate is grounded, establishing the current pathway. 
This applied bias can concentrate an electrical field within the battery material to 
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induce Li+ transportation and redistribution, resulting in the molar volume change and 
oscillatory surface displacement, which is readily detected as local electrochemical 
strain on sample surface [142]. In this study, to amplify the weak displacement using 
cantilever resonance frequency, ESM mapping was performed in the BE mode with an 
excitation signal of 3 V (VAC). The band width was set as 15-20 kHz centered at about 
290 kHz for a resonance peak. All ESM images were obtained on a 128 × 128 
point-grid in 500 × 500 nm2 area.  
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Chapter 4. Extension and Verification of Experimental and 
Analysis Method for Interfacial Toughness of Hard Film/Soft 
Substrate 
 
The primary objective of this chapter is to establish a practical experimental 
technique and straightforward analytical method for the quantification of interfacial 
adhesion of thin film electrode in lithium ion batteries [181]. Following Microwedge 
Indentation Test (MWIT) to determine the interfacial adhesion of fine line film [138, 
139], Yeap et al. has developed a simple wedge indentation method for continuous 
low-k film on Si substrate [182, 183], which is a soft film/hard substrate (SFHS) 
system. However, it is noted that most thin film electrodes are hard metal oxides, 
belonging to hard film/soft substrate (HFSS) systems. Therefore, in this study, the 
wedge indentation and analytical method is extended to HFSS system with certain 
modifications to the previous hypothetical model. Additionally, regardless of 
differences in indenter tip, the interfacial adhesion should be constant for one thin 
film/substrate system. Thus, values of interfacial toughness obtained from indentations 
using three different indenter tips were used to self-assess the validity and reliability of 
the analytical method.  
This chapter is organized as follows. Section 4.1 presents the characterization of 
the model system (RuO2/Si system). To establish a suitable analytical method for 
interfacial adhesion, a comprehensive understanding of the relationship between 
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indentation load-displacement (P-h) curves and interfacial delamination process is the 
first requirement, which is presented in Section 4.2. Then, the related interfacial 
adhesion mechanics as well as the modified analytical method to derive the interfacial 
toughness is described in Section 4.3, followed by the calculated results of elastic 
modulus and interfacial toughness in Section 4.4.  
 
4.1 Thin Film Characterization 
Ruthenium dioxide (RuO2), which is a representative transition metal oxide with 
rutile structure, has received much attention due to its excellent properties, such as low 
electronic resistivity (40 μΩcm-1), high chemical and thermodynamic stability, as well 
as good corrosion resistance and diffusion barrier properties [184-189]. Therefore, 
conductive RuO2 thin film has great potential in various applications in 
microelectronics industries, such as interconnects and diffusion barriers in integrated 
circuit (IC) metallization system, bottom electrode for ferroelectric storage capacitors in 
high density dynamic-random-access memory (DRAM), and electrode in solid-state 
thin film micro-super-capacitors (TFSCs) and thin film microbatteries (TFBs) [40-42, 
46, 190-198]. In this study, the nanoindentation technique and analytical method for 
interfacial adhesion were extended to RuO2 film on Si substrate, which acts as a 
typical model for hard film/soft substrate (HFSS) systems.  
Fig. 4.1(a) shows the X-ray patterns of a sputtered RuO2 film on Si (100) 
substrate at room temperature in Ar-O2 atmosphere (3:1). The as-deposited RuO2 film 
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exhibits a tetragonal rutile structure (JCPDS: No. 40-1290), indicated by the appearance 
of (110), (101), (111) and (211) diffraction peaks. The broad peaks indicate that the 
RuO2 film prepared at room temperature has poor crystallinity with some extent of 
amorphous structure, showing a polycrystalline phase with random orientation. 
Previous findings show that RuO2 film shows a (101) preferred orientation as the 
deposition temperature increases [192, 199, 200]. In addition, the X-ray patterns only 
exhibit diffraction peaks of RuO2 phase, indicating that the Ru/O atomic ratio for the 
as-deposited film is roughly stoichiometric.  
 
 
Fig. 4.1 (a) XRD patterns and (b) FESEM surface image of the as-deposited RuO2 film 
on Si substrate; the arrows indicate the reflections from RuO2 phases. 
 
Fig. 4.1(b) shows FESEM surface image of the as-deposited RuO2 film, which 
consists of granular-type nano-grains with an average size of ~40 nm. The surface 
morphology is very smooth, dense and featureless due to the low O2 concentration 
(~25%). According to previous studies, both grain size and surface roughness increase 
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with the increase of deposition temperature, and the film exhibits clear granular with 
sharp angles with O2 concentration greater than 33% [185]. However, these rough films 
are not suitable for practical applications, such as electrode in lithium ion batteries. 
Additionally, the thickness of RuO2 film is measured to about 150 nm.  
 
4.2 Comparative Analysis of Different Indentation Tests 
The correlation between the indentation load-displacement (P-h) curves and the 
initiation and propagation process of interfacial crack is very significant for the 
quantification of interfacial adhesion. For this purpose, the interface crack profiles are 
captured at different maximum indentation load (Pmax), and associated with the 
load-displacement (P-h) curves. In this section, the indentation-fracture correlation 
studies are performed using three different indenter tips: 90° wedge indenter, 120° 
wedge indenter and conical indenter tips. 
 
4.2.1 Load-Displacement Curves 
Fig. 4.2 shows the nanoindentation load-displacement (P-h) curves for sputtered 
RuO2 thin films using different indenter tips. For two wedge indenter tips with different 
inclusion angles [Figs. 4.2(c) and 4.2(d)], there is no evidence of fracture at small 
indentation depths; however, so-called “pop-in” events are visible at higher indentation 
depths. The “pop-in” event refers to a sudden increase of penetration depth at an 
approximately constant load, which is not typical elastic or plastic behavior. It is 
related to the crack formation either within the film or at the interface between the film 
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and the substrate. For both two wedge indentations, the “pop-in” events occur at a 
similar indentation depth of approximately ~75 nm in the loading segment of P-h 
curves, which corresponds to about 50% of the film thickness. Furthermore, the “pop-in” 
events for the 90° wedge indentation are found to be more significant than those for the 
120° wedge indentation. It is mainly due to that the sharp wedge indenter tip with small 
inclusion angle (90°) can induce higher stress at a particular load than that of the blunt 
indenter tip with large inclusion angle (120°). In contrast, there is no “pop-in” event in 
the P-h curves for standard Berkovich and conical indentations, the curves appear 
smooth with no abrupt change [Figs. 4.2(a) and 4.2(b)], probably due to the modest 
stress induced by the axisymmetric indenter tips.  
 
 
Fig. 4.2 Indentation load-displacement (P-h) curves on RuO2 films using (a) a standard 
Berkovich indenter; (b) a conical indenter; (c) a wedge indenter of 90°; and (d) a 
wedge indenter of 120°. 
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4.2.2 Indentation Induced Delamination 
Figs. 4.3 to 4.9 show the plan view FESEM and cross-sectional view FIB 
images of interfacial crack patterns around and underneath the indentation impressions, 
induced by different indentations. For 90° and 120° wedge indentation, FIB images 
reveal that the interfacial cracks initiate at the indentation loads of 6 mN and 10 mN, 
respectively [Figs. 4.3(a) and 4.6(b)]. Combined with P-h curves in Figs. 4.2(c) and 
4.2(d), it is found that the initiations of interfacial cracks just correlate to the “pop-in” 
events in the P-h curves. Therefore, these “pop-in” events can be used to determine the 
initiation of interfacial delamination and approximately predict the critical load (Pcritical) 
for wedge indentations. By contrast, for conical indentation, although there are both 
interfacial cracks around the indentation impression and circular film cracks at the 
surface, as the maximum indentation load increases to 6 mN [Fig. 4.8(a) and 4.9(a)]; 
there is no “pop-in” event in the P-h curves [Fig. 4.2(b)]. In this case, the occurrence of 
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Fig. 4.3 FIB cross-sectional views of 90° wedge indentation on RuO2 film: (a) 
initiation of interface crack; and (b)-(d) propagation of interface crack. 
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Fig. 4.4 FESEM plan views of 90° wedge indentation on RuO2 film: (a) indentation 
impression; (b) corner cracks; (c) delamination crack shape; and (d) spall-off event. 
 
 90° wedge indentation 
As shown in Fig. 4.3(a) and 4.4(a), the interfacial crack is initiated when the 
maximum indentation load reaches the critical value of 6 mN (Pcritical). As the 
indentation load increases further, the interfacial crack steadily propagates in the 
direction normal to the length axis of the wedge indenter [Figs. 4.3(b) and 4.3(c)]. At 
the same time, small straight corner cracks are initiated from the two ends of the wedge 
indentation impressions [Fig. 4.3(b)]. However, different from the interfacial crack, the 
corner cracks do not propagate as the indentation load increases [Figs. 4.3(b) to 4.3(d)]. 
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The possible reason is that the stress in the direction perpendicular to the interface is 
relatively small, thus effectively preventing the propagation of corner cracks in this 
direction. The detailed reasons and the mechanism of this phenomenon need further 
studies in the future. Accompanying the interfacial crack propagation with the increase 
of the indentation load, the thin film is pushed upwards and “piled-up” on both sides of 
the wedge indenter tip, forming a V-shaped like delamination from the cross-sectional 
views [Fig. 4.3(b) to 4.3(d)], and an elliptical shape interfacial crack from the plan 
view [Fig. 4.4(c)]. If the indentation load increases to a higher value, such as ~25 mN, 
part of thin film above the interface crack spalls off and the bare Si substrate can be 
observed [Fig. 4.4(d)].  
Furthermore, as shown in Fig 4.5, at an extremely high indentation load (~40 
mN), substrate cracking may occur during 90° wedge indentation. At such high 
indentation load, both thin film and substrate have been plastically deformed since the 
penetration depth exceeds the film thickness. Therefore, through-thickness film cracks 
initiate, reducing the stiffness of both cracking coatings and adjacent uncracked 
coatings. During further indentation, the substrate deformation plays more significant 
roles, exacerbating the film cracking [201]. Since this substrate cracking can alter the 
length of the interface crack, the indentation induced stress may be overestimated to 
some extent, and hence also the calculated interfacial toughness. Therefore, to measure 
the interfacial toughness more accurately, substrate cracking should be avoided. In 
addition, at this point, as the indenter tip has already penetrated into the substrate, some 
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other factors may also affect the determination of interfacial toughness, such as the 
friction between the indenter tip and the substrate, the increased substrate compliance, 
the phase transformation of the silicon substrate, and also the densification of the film 
under the indenter tip [138, 202]. In summary, the analytical method used in this study is 
only applicable when the effect of substrate deformation is insignificant and negligible. 
Hence, the indentation load should be low enough to avoid the substrate deformation 
even though the plastic zone may not be completely constrained within the film. In this 
case, the calculation error of strain energy release rate can be minimized.  
 
 
Fig. 4.5 FIB cross-sectional view of 90° wedge indentation at high load of 40 mN. 
 
 120° wedge indentation 
The interfacial delamination process induced by the 120° wedge indentation is 
similar to that by the 90° wedge indentation. As shown in Figs. 4.6 and 4.7, when the 
indentation load reaches the critical value (Pcritical), the interfacial crack is initiated and 
then propagated with the further increase of the indentation load, resulting in an 
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elliptical-shaped interface crack. However, some significant differences between these 
two wedge indentations are observed. (i) At a particular penetration depth, the 
indentation load for the 120° wedge indentation is higher than that for the 90° wedge 
indentation. In addition, the critical load to initiate the interfacial crack for the 120° 
wedge indenter (~10 mN) is also higher than that for the 90° wedge indenter (~6 mN). 
(ii) The delamination cracks induced by the two wedge indentation are almost in 
elliptical shapes; however, the crack front induced by the 120° wedge indentation is 
narrow and slender compared to that by the 90° wedge indentation [Figs.4.4(c) and 
4.7(b)]. (iii) The straight corner cracks cannot be found at the two ends of the 120° 
wedge indentation impressions during the whole interfacial delamination process [Figs. 
4.6 and 4.7]. These different cracking behaviors between 90° and 120° wedge 
indentations are closely related to the inclusion angles of the indenter tips. Firstly, this 
can be understood that the indentation load was the function of material properties and 
the tip angle [203]. Thus, for the same material, the critical load (Pcritical) required to 
induce the interfacial delamination increases with increase of the inclusion angle (2ϕ) of 
the indenter tip. Additionally, the shape of the interfacial crack front is also associated 
with the indenter tip angle. The interfacial crack induced by the sharp indenter tip (90°) 
has a more curved crack front, while the blunter indenter tip (120°) induces an 
approximately straight crack front. Furthermore, the small straight corner cracks initiate 
more easily for a sharp wedge indenter tip, mainly due to the wedging effect which can 
effectively improve the opening displacement of cracks.  
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Fig. 4.6 FIB cross-sectional views of 120° wedge indentation on RuO2 film: (a) 
initiation of interface crack; (b) propagation of interface crack; and (c) spall-off event. 
 
 
Fig. 4.7 FESEM plan views of 120° wedge indentation on RuO2 film: (a) indentation 
impression; (b) delamination crack shape; and (c) spall-off event.  
 
 Conical indentation 
For conical indentation, film cracking firstly initiates from the center of 
indentation impression induced by the indentation deformation [Figs. 4.8 (a) and 4.9 
(a)]. As the indentation load increases to the critical value (Pcritical ≈ 6 mN), the 
interfacial crack is initiated. As the indentation load further increases, the central film 
crack steadily propagates in the radial direction [Figs. 4.8 and 4.9], and the delamination 
crack is almost in a circular shape [Fig. 4.9(a)]. It is found that small radial cracks are 
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also originated from the conical indentation impression, which is unlike the straight 
corner cracks in the 90° wedge indentation. These radial cracks fast extend along the 
radial direction of the indentation impression with the increase of the indentation load, 
as shown in Fig. 4.9. Furthermore, when the indentation load is high enough (~16 mN), 
the thin film around the indentation impression is fully destroyed with no spall-off event 
[Fig. 4.9(c)]. This phenomenon should be related to the special shape of the conical 
indenter tip, which has smooth contact surface without sharp corners. In addition, 
although there are no sharp corners in conical indenter tip, radial cracking occurs along 
with the interfacial cracking. This is mainly due to the tensile hoop stress associated 
with the axisymmetric indenter tip. In general, radial cracks are found in many thin film 
systems, especially sputtered thin films, such as RuO2 film used in this study [17]. This 
is closely related to the weak grain boundaries between small grains formed at low 
sputtering temperature. Additionally, the low density of sputtered thin film and voids at 
grain boundaries also play a part.  
 
 
Fig. 4.8 FIB cross-sectional views of conical indentation on RuO2 film: (a) no interface 
crack; (b)-(c) initiation and propagation of interface crack.  
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Fig. 4.9 FESEM plan views of conical indentation on RuO2 film: (a) central film crack 
and delamination crack shape; (b)-(c) initiation and propagation of radial cracks. 
 
In addition, the standard Berkovich tip may also induce the interfacial 
delamination; however, it requires the highest critical load (Pcritical ≈ 15 mN) among all 
of the indenter tips. At the point of delamination, the indenter tip has already penetrated 
into the substrate, resulting in large plastic deformation or substrate cracking. Thus, in 
this study, standard Berkovich indentation is only used for the measurements of elastic 
modulus and hardness, not for the determination of interfacial toughness.  
 
4.3 Interfacial Adhesion Mechanics 
As described above, for RuO2/Si system with a brittle interface, the interfacial 
delamination can be induced by both wedge and conical indentations without the 
penetration of the indenter tip into the substrate. Therefore, a simple analytical method 
previously developed for soft film/hard substrate (SFHS) system with brittle interface 
[182, 183] is adopted, and applied to hard film/soft substrate (HFSS) system (RuO2/Si). 
The extension of analytical method from SHHS to HFSS is based on three steps: (a) 
analyze the load-dependent fracture behavior; (b) discuss the validity of adhesion 
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mechanics; and (c) self-assess the reliability of the method. Furthermore, this analysis 
method can also be extended to conical indentation, with some modifications to the 
earlier analysis, such as the expressions for indentation deformation volume and thin 
film volume above the interface crack. In summary, the interfacial toughness in terms 
of energy release rate (Γi) can be calculated based on the following three steps: (i) 
determine the indentation induced stress (𝜎0) and the critical buckling stress (𝜎c), 
respectively; (ii) compare the indentation induced stress (𝜎0) and the critical buckling 
stress (𝜎c) to determine the delamination situation; finally, (iii) calculate the interfacial 
toughness (Γi).  
It is well known that wedge indentation creates an approximate plane strain 
condition [182, 183], while conical indentation creates a fully plane stress indentation. 
Despite this difference, the expression for the indentation induced stress (𝜎0) has a 
general function, which is determined in the first step. According to the previous 
analysis on adhesion mechanics by Marshall et al. [135] and de Boer and Gerberich 
[138, 139], the interfacial delamination of a brittle interface is only caused by the 
volumetric strain of the thin film. Therefore, the indentation induced stress (𝜎0) is 
expressed as the ratio of the plastic indentation volume (Vo) to the thin film volume 








σ =                                                                     (4.1) 
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 (For conical indentation)                                     (4.2b) 
 
 
where Ef is the elastic modulus of the thin film, which is determined from 
nanoindentation tests (see Section 4.4.1); and νf  is the Poisson’s ratio of the thin film 
(assumed as 0.25 for metal oxides).  
In Eq. 4.1, the plastic indentation volume (Vo) is closely related to the indenter 
tip geometry. By assuming that the thin film around the indenter tip is incompressible 
and the volume change is conservative, the induced plastic deformation volume (Vo) is 








(For wedge indentation)                               (4.3a) 
 
 
tan3 20 pV h3
p φ=
 
(For conical indentation)                (4.3b) 
 
 
where 2ϕ is the inclusion angle of the indenter tip, and l is the length of the wedge 
indenter tip. hp is the plastic indentation depth, derived from the indentation 
load-displacement curve by linear fitting the top 30% of unloading curve and 
intersecting with the lateral axis.  
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Similarly, through FESEM images of indentation impressions [Fig. 4.4 and 4.7], 
the interfacial cracks induced by 90° and 120° wedge indentation are approximately 
assumed to be elliptical, while the interfacial crack induced by conical indentation is 
assumed as circular [Fig. 4.9]. Thus, the thin film volume above the interfacial crack 
(Vc), is given by:  
 
 




c cV A t r tp= =   (For conical indentation)                                     (4.4b) 
 
 
where Ac is the interface crack area and t is the film thickness (~150 nm). For wedge 
indentation, 2a and 2b are the short axis length and long axis length of the elliptical 
shape interfacial crack, respectively [Fig. 4.4(c) and 4.7(b)]. For conical indentation, a 
hemispherical plastic zone with a circular interface crack is created due to the 
axisymmetry of the indenter tip; r is the radius of the circular crack.  
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(For conical indentation)                           (4.5b) 
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where Y is the dimensionless constant. For a circular interface crack buckling under 
plane stress conditions induced by conical indentation, Y is equal to 1.488, which is 
about 50% higher than that of straight sided bulking induced by wedge indentation 
under plane strain conditions (Y = 1) [182, 183].  
Secondly, to determine the buckling conditions, the indentation induced stress 
(𝜎0) is compared with the critical buckling stress (𝜎c). For the case of no-buckling (𝜎0 < 
𝜎c), the indentation induced stress (𝜎0) is considered as the only driving force for the 
interfacial delamination. Besides, the influence of residual stress is more significant for 
bulk materials and thicker film. Thus, the effect of residual stress is neglected for 
simplicity. However, for the case of thin film buckling (𝜎0 >𝜎c), a small portion of 
indentation induced stress is contributed to the buckling and some strain energy is 
released. Thus this part of the strain energy has to be subtracted.  

























−  G = = −  
（ ）
 (For buckling condition)               (4.6b) 
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4.4 Interfacial Toughness Determination 
4.4.1 Elastic Modulus and Hardness 
To quantify the interfacial toughness of thin film/substrate system, the elastic 
modulus (E) of the thin film needs to be determined first using nanoindentation tests 
with CSM options. Generally speaking, there are unavoidable substrate effects to the 
measured thin film properties, after a certain indentation depth. Thus, the classical P/S2 
method proposed by Joslin and Oliver is used to determine the film-only mechanical 
properties, including elastic modulus and hardness [204]. Fig. 4.10 shows that the P/S2 
ratio is approximately constant within a certain range of indentation depth, where the 
elastic modulus and hardness are also independent of the indentation depth; and the 
substrate effects can be minimized effectively within this range. Here, P is the 
indentation load and S is the contact stiffness. For the RuO2/Si structure, both elastic 
modulus and hardness are approximate constant within the range of indentation depth 
from ~10 nm to ~23 nm. By calculating the average values within this range of 
indentation depth, film-only elastic modulus and hardness of RuO2 are found to be 
232.74 ± 22.03 GPa and 20.43 ± 2.37 GPa, respectively. These results are similar to 
those reported in the literature [205], and will be used to calculate the interfacial 
toughness in the next section. Moreover, it is noted that the tip radius has certain effects 
on the measured mechanical properties, through changing the size and shape of the 
plastic zone. The use of blunter tips (tip radius ranges from 250-400 nm) may lead to the 
overestimation of both elastic modulus and hardness, especially at low indentation depth 
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[40-42]. Thus, a new Berkovich indenter tip with the tip radius of about 50 nm is used in 
this study; thus, the error induced by the tip shape can be minimized.  
 
 
Fig. 4.10 P/S2-h curve from the nanoindentation with the CSM option on RuO2 film 
with the penetration depth of ~200 nm.  
 
4.4.2 Interfacial Toughness 
Using the analysis method established in Section 4.3, the interfacial toughness 
of the RuO2/Si system can be quantified using 90° wedge indentation, 120° wedge 
indentation and conical indentation. Table 1 summarizes the calculated results of 
interfacial toughness in terms of strain energy release rate, as well as the key 
calculation parameters, which are all averaged from ten indentation impressions.  
For both 90° and 120° wedge indentations, the effective elastic modulus Ef’ is 
calculated to be 248.26 GPa [Eq. (4.2a)]. The average values of long axis crack length 
(2b), measured from FIB cross-sectioning image in the direction parallel to the wedge 
indentation impressions, are to be 5.0 μm and 6.6 μm for 90° and 120° wedge 
indentation, respectively. Similarly, values of short axis crack length (2a) are measured 
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from FIB images in the direction perpendicular to and at the center of the wedge 
indentation impressions. It is noted that both 2a and hp are determined at the “pop-in” 
events that appear in the P-h curves (6 mN for 90° wedge indentation; 10 mN for 120° 
wedge indentation). At this point, the indentation depth is only about 50% of the film 
thickness. The substrate deformation cannot be observed from the FIB images, and 
therefore not considered in the analysis even though the plastic zone may not be 
completely constrained within the thin film. Additionally, the amount of strain energy 
released through the film cracking is also small due to the low indentation load. As 
shown in Table 4.1, since the indentation induced stress (𝜎0) is much less than the 
critical buckling stress (𝜎ca), the interfacial toughness is calculated according to Eq. 
(4.6a). As a result, Γi is 0.046 ± 0.003 Jm-2 for 90° wedge indentation, and 0.050 ± 
0.004 Jm-2 for 120° wedge indentation.  
For conical indentation, the effective elastic modulus Ef’ is calculated to be 
155.16 GPa [Eq. (4.2b)]. Similarly, the interface crack diameter (2r) is measured from 
the FIB cross-sectioning along the radial direction and through the center of the conical 
indentation impression (at the critical load of ~6 mN). The indentation induced stress 
(𝜎0) is also found to be less than the critical buckling stresses (𝜎cb), therefore, no 
buckling occurs. As a result, Γi is calculated to be 0.051±0.003 Jm-2. It is worth stating 
that the indentation plastic depths (hp) induced from conical indentation are much larger 
than those from wedge indentations, thus a little plastic deformation in the silicon 
substrate may not be avoided. Therefore, wedge indenter is a more suitable indenter 
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geometry to characterize the interfacial adhesion, since it can induce larger driving 
force and confine the indentation plastic zone within the film, especially the 90° wedge 
indenter. In summary, for RuO2/Si system with brittle interface, the values of interfacial 
toughness determined using the 90° wedge, 120° wedge and conical indentation are 
approximately the same with negligible difference, verifying the accuracy and 
reliability of our analysis method (Section 4.3).  
 
Table 4.1 Average values of interfacial toughness and the key calculation parameters 























90° 1.41 ± 0.90 0.0253 ± 0.0008 388.93 ± 10.42 9407.40 ± 1323.84 0.046 ± 0.003 
120° 1.22 ± 0.10 0.0205 ± 0.0010 400.93 ± 15.20 12486.70 ± 1868.61 0.050 ± 0.004 
Cone 2.02 ± 0.06 0.0984 ± 0.0012 321.61 ± 8.83 4188.43 ± 243.68 0.051 ± 0.003 
Notes: 
(1) Short axis crack length (2a) is for wedge indentations, and crack radius (2r) is for 
conical indentation.  
(2) 𝜎ca is the critical buckling stress by assuming straight sided buckling (for two 
wedge indenter tips). 
(3) 𝜎cb is the critical buckling stress by assuming circular buckling (for conical indenter 
tip).  
(4) The maximum loads, Pcritical, for 90° wedge, 120° wedge and conical indentation 
are 6 mN, 10 mN and 6 mN, respectively.  
(5)  Data are averaged from 10 indentation impressions. 
 
Furthermore, for both wedge and conical indentations, the indentation induced 
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stress is much smaller than the critical buckling stress. In theory, no buckling occurs as 
the interface cracks initiate. As shown in FESEM plan view images [Figs. 4.3(a) and 
4.7(a)], the film buckling is minor and insignificant. However, the extent of buckling is 
obviously increased after the FIB sectioning. There are two possible reasons: firstly, the 
FIB cutting has removed the constraint from the remaining non-deformed film. 
Secondly, during FIB cutting process, thin film is exposed to high energy ion beam for a 
long time; thus further energy is supplied to enhancing the film buckling above the 
interface crack, also resulting in the shrinkage and damage of the brittle thin film [Figs. 
4.6(b)]. However, this buckling caused by FIB sectioning has not affected the 
calculation of interfacial toughness. 
 
4.5 Summary 
In this chapter, nanoindentation method using different indenter tips has been 
applied to investigate the interfacial reliability of RuO2/Si system with brittle interface. 
Firstly, the relationship between the indentation P-h curves and the interfacial 
delamination process has been established. For conical indentation with axisymmetry 
indenter tip, the interfacial crack cannot form any characteristic features in the P-h 
curves. For 90° and 120° wedge indentations, the interfacial delamination can result in 
“pop-in” events in the P-h curves. Therefore, wedge indentation P-h curves can be 
used to predict the occurrence of interfacial delamination as well as the critical load. 
Secondly, the comparative analysis on the initiation and propagation of interfacial 
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cracks between different indentations provides a comprehensive understanding of 
load-dependent fracture behavior of RuO2/Si system. Finally, a simple wedge 
indentation and analysis method developed for SFHS system has been successfully 
extended to HFSS system (RuO2/Si), and also applied for conical indentation with 
certain modification. As a result, the interfacial toughness determined from three 
different indenters are approximately the same. In conclusion, the present experiment 
and analysis method is proved to be practical and reliable to characterize the interfacial 
adhesion, particularly for hard metal oxide film with brittle interface, such as most of 
thin film electrode in lithium ion batteries. This chapter also laid foundations for the 
following works on the degradation of interfacial reliability of thin film electrode 
during charge/discharge cycling.  
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Chapter 5. Interfacial Reliability and Aging Mechanism of Thin 
Film Anode 
 
In Chapter 4, a practical and reliable wedge indentation experiment and analysis 
method to characterize the interfacial adhesion of thin film electrodes has been 
established. In this Chapter, this novel method combined with a variety of 
characterization techniques are applied to two thin film anodes with different 
electrochemical mechanisms, in order to investigate the charge/discharge cycling 
effects on the degradation of interfacial reliability, as well as the changes in structure, 
surface morphology and mechanical properties, providing a comprehensive insight into 
the aging mechanisms of thin film anode in lithium ion batteries. For this purpose, the 
battery cells were first performed various charge/discharge cycles; then the thin film 
anodes were dissembled and rinsed with acetone for various ex-situ characterizations 
such as XRD, FESEM, AFM, nanoindentation and FIB tests.  
As discussed in Chapter 2, anode materials are classified into three types based 
on the different Li+ storage mechanisms: alloying/de-alloying, conversion reaction and 
intercalation/de-intercalation based anodes. Aging phenomena of alloying/de-alloying 
based anodes have received much interest previously [23, 48, 49, 51, 121]. Thus, this 
study focuses on the other two types of thin film anodes: RuO2 (Section 4.1) and TiO2 
(Section 4.2), shedding light on aging mechanisms of anode materials based on 
“conversion reaction” and “intercalation/de-intercalation” , respectively [206, 207].  
  Chapter 5 
76 
5.1 Cycling Effect on Reliability of Rutile RuO2 Anode 
Ruthenium oxide (RuO2) with rutile structure has been extensively investigated 
for semiconductor and supercapacitor applications, because of its low resistivity, large 
electrochemical capacitance and good thermal stability [42, 191-193]. Until 2003, 
Balaya et al. have found that RuO2, which exhibits large Li+ storage capability (1130 
mA h g-1) and high coulomb efficiency (~98%), is also a very promising anode 
material for lithium ion batteries, mainly due to its high electronic conductivity [40, 41, 
46]. However, the aging phenomena of RuO2 anode during charge/discharge cycling 
have never been investigated.  
 
5.1.1 Structural and Electrochemical Characterization 
The reversible electrochemical reaction mechanism of RuO2 on lithium 
insertion/extraction during discharge/charge cycles can be written as [40]:  
 
 
RuO2 + 4Li+ + 4e— ↔  Ru + 2Li2O                                    (5.1) 
 
 
Li+ + e— + electrolyte ↔  SEI (Li)                                    (5.2) 
 
 
This implies the reversible reduction and oxidation of RuO2, accompanying the 
formation and decomposition of Li2O, respectively [Eq. (5.1)]. The metallic Ru 
nanoparticles with large surface area disperse into the Li2O matrix, promoting the 
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reversibility of electrochemically inactive Li2O. This “conversion reaction” based Li+ 
storage mechanism is analogous to those observed in other transition metal oxides, 
such as Co3O4, NiO, CuO, and FeO, etc., which is different from Li+ 
intercalation/de-intercalation and alloying/de-alloying mechanisms [41, 43, 45]. Fig. 
5.1(a) shows the first cycle discharge/charge curve of RuO2 thin film anode at a 
constant current density of 15 μAcm-2. When RuO2 is discharged/charged between 
0.01 and 2.5 V, it has a low enough potential to be used as an anode for lithium ion 
batteries. As shown in Fig. 5.1(a), the first discharge curve shows a distinct plateau at 
about 0.9 V vs. Li/Li+, suggesting the conversion reaction with a reversible lithium 
storage capacity, and followed by a gradual decrease of potential down to 0.01 V. 
During the first discharge cycle, RuO2 can be reduced to metallic Ru nanoparticles 
dispersed in the Li2O matrix, accompanied by the irreversible formation of the solid 
electrolyte interface (SEI) film [Eq. (5.2)]. The voltage-capacity profiles are similar to 
those reported by Balaya et al. for powder RuO2, indicating that the SEI film formation 
mainly occurs below 0.8 V vs. Li/Li+ during discharge [40, 46]. During the first charge 
cycle, the oxidation of Ru accompanied by the decomposition of Li2O occurs in the 
potential range from 0.3 to 2.5 V vs. Li/Li+. However, there is a large irreversible 
capacity in the first discharge/charge cycle. The first discharge and charge capacities 
are 1603 and 697 μAhcm-2μm-1, respectively, corresponding to a low coulomb 
efficiency of 43.5%. In general, the large initial irreversible capacity loss is mainly due 
to the formation of the SEI film resulting from the irreversible consumption of Li+. 
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Additionally, the severe side reaction induced by larger contact area and shorter Li+ 
diffusion distance of nano-grains in thin film electrode has also plays significant roles 
[43, 208].  
 
  
Fig. 5.1 (a) The first cycle discharge/charge curves and; (b) cycling performance of 
RuO2 thin film anode up to 100 cycles. 
 
Fig. 5.1(b) shows the cycling performance of RuO2 thin film anode up to 100 
cycles. After the rapid decrease in the first cycle, the discharge capacity decayed 
continuously in the subsequent cycles with slightly more pronounced decrease after 50 
cycles. Even at the 60th cycle, it still exhibits a higher discharge capacity than the 
theoretical value of graphite anode (375 mA h g-1) and a high coulomb efficiency of 
93%. Thus, the sputtered RuO2 thin film shows better cycling stability than its powder 
counterpart, which has been reported to fade abruptly after the first three cycles due to 
the large volume expansion (~100%) during the conversion reaction [40, 41]. 
Compared to the powder RuO2, thin film has better cycling performance attributed to 
the good electronic contact between the electrode and the current collector.  
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XRD patterns of RuO2 films before and after one discharge/charge cycle are 
presented in Fig. 5.2. Excluding the strong peaks from the Ti substrate, the peaks at 
28.0° and 54.2° indicated by arrows in Fig. 5.2(a) can be assigned to (110) and (211) 
reflections of tetragonal rutile RuO2 (JCPDS card: No. 40-1290), respectively. In 
addition, some amorphous nature can be observed from the weak peaks in Fig. 5.2(a). 
Therefore, thin film anode deposited on Ti substrate at room temperature shows a 
polycrystalline RuO2 phase, in agreement with our previous studies [209]. It is noted 
that RuO2 reacts with Li according to Eq. (5.1), forming an amorphous mixture of 
metallic Ru nanoparticles dispersed into the Li2O matrix, which is probably smaller 
than the X-ray coherence length. As a result, the fully discharged (reduced) anode 
shows no diffraction peaks and any evidence of crystallinity. According to Poizot et al., 
the nano-size and amorphous features of thin film anodes created after the first 
discharge cycle can be preserved during the following charge cycle [45]. Therefore, as 
shown in Fig. 5.2(b), after the first discharge/charge cycle, the characteristic diffraction 
peaks of RuO2 have disappeared, only a broad bump remains.  
 
  Chapter 5 
80 
 
Fig. 5.2 XRD patterns of RuO2 thin film anode: (a) as-deposited; and (b) after one 
discharge/charge cycle. The dots represent the reflections from Ti substrate and the 
arrows indicate the reflections from RuO2 phase. 
 
5.1.2 Surface Morphology 
The Ex-situ FESEM images in Fig. 5.3 show the observable evolution of the 
surface morphology of RuO2 thin film anode at different stages of cycling. The 
as-deposited RuO2 film has smooth and uniform surface with dense nanoparticles, 
which have an average particle size of about 30 nm [Fig. 5.3(a)]. After 10 
discharge/charge cycles, the electrode film shows a bumpy and rough surface due to 
the Li+ insertion [Fig. 5.3(b)]. Furthermore, micro-cracks can be clearly observed after 
50 cycles [Fig. 5.3(c)], and after 100 cycles the original dense RuO2 film has become 
very weak and porous [Fig. 5.3(d)].  
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Fig. 5.3 Ex-situ FESEM images of RuO2 thin film anodes taken at (a) as-deposited; (b) 
10th cycles; (c) 50th cycle; and (d) 100th cycles. 
 
The surface morphology change can also be confirmed by AFM images (Fig. 
5.4). After 10 cycles, the micro-crack-like features, which cannot be evidently 
identified in the FESEM image [Fig. 5.3(b)], can be clearly observed in the 
corresponding AFM image [Fig. 5.4(b)]. These micro-cracks are initiated by the 
contraction of the thin film anode upon Li+ extraction, and further intensified by the 
repeated volume expansion/contraction in the subsequent cycles. The topography 
revolution is more observable in 3D AFM images [Fig. 5.4]. It is noted that the 
insertion of Li+ can lead to the expansion of the thin film anode, which is primarily in 
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a direction perpendicular to the substrate due to the constrain of the rigid substrate. As 
shown in Fig. 5.4(b), the surface of the thin film anode is substantially expanded, 
swelled and protruded from the substrate, forming tower-like structures. During the 
subsequent cycles, some tower-like structures increase in height dramatically, and are 
disconnected from the rest regions of the thin film, coalescing together to form 
large-scale island-like structures [Figs. 5.4(c) and 5.4(d)]. Similar topographical 
changes have been observed on carbon and Sn-based anode materials previously [210, 
211]. With the expansion of the tower-like structures, the mismatched boundaries from 
the rest regions may lead to the tower clusters becoming isolated. In generally, contact 
loss (mechanically and electrically) between nano-grains and between the thin film 
anode and the current collector, can result in a rise in impedance and a reduction in 
capacity of the battery [8, 212]. In addition, the micro-cracks and porosities introduced 
by Li+ extraction also have harmful effects on the electrical contact within the thin 
film anode, resulting in the battery aging.  
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Fig. 5.4 Ex-situ AFM surface topography (2D and 3D images) of RuO2 thin film 
anodes taken at (a) as-deposited; (b) 10th cycles; (c) 50th cycle; and (d) 100th cycles 
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The changes in topography also lead to large changes in surface roughness. Fig. 
5.5 shows that the average values of surface roughness from AFM measurements, in 
term of RMS values (root mean square value, averaged from at least 10 random areas 
of 1×1 μm2) as well as the standard deviations, have dramatically increased from 4.43 
± 1.32 nm for the as-deposited film, to 23.08 ± 12.34 nm after 10 cycles, and 57.14 ± 
12.72 nm after 50 cycles; respectively. This can be also noticed from the surface 
topography intuitively (Fig. 5.4). After 100 cycles, the thin film anode even partially 
peels off from the substrate due to the extensive large volume changes and induced 
stress. It is noted that the RuO2 thin film anode cannot return to its original volume 
upon Li+ extraction after charging, leading to a continuous change in surface 
morphology during discharge/charge cycles [48, 155, 156]. The large volume change 
induced by phase transformation leads to not only surface morphology changes, but 
also fast mechanical degradation of the thin film anode. This will be discussed in detail 
in the next section. 
 
 
Fig. 5.5 Surface roughness measured by AFM of RuO2 thin film anode at different 
stages of cycling.  
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Fig. 5.6 Calculated elastic modulus and nano-hardness of RuO2 thin film anodes at 
different stages of cycling. 
 
5.1.3 Nanomechanical Degradation 
The elastic modulus and nano-hardness of RuO2 thin film anodes are 
determined by analyzing the standard nanoindentation P-h curves using the well-known 
Oliver and Pharr’s method [213]. As mentioned before (Section 4.4), the method 
developed by Joslin and Oliver is used to determine the film-only mechanical properties 
[214]. As a result, the measured elastic modulus and hardness of the as-deposited RuO2 
film are found to be 232.74 ± 22.03 GPa and 20.43 ± 2.37 GPa, respectively, 
comparable to those reported elsewhere [191]. Fig. 5.6 shows that both elastic modulus 
and hardness of the thin film anode decrease significantly with the increase of the 
cycling number. This is mainly due to the damage of the anode integrity through phase 
transformation during Li+ insertion/extraction cycles. The formation of an amorphous 
mixture of metallic nanoparticles Ru and Li2O matrix, which has a significant effect on 
lowering the crystallinity of the thin film anode, could be another reason. This 
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mechanical degradation is also related to the stress and the porosity in the film 
introduced by lithiation/de-lithiation process [215, 216].  
Furthermore, Fig. 5.7 compares the nanoindentation P-h curves for RuO2 thin 
film anodes at different stages of cycling. It is obvious that the mechanical behavior 
degrades after discharge/charge cycles; the displacement steadily increases with the 
increase of the cycling number at the constant load. This is mainly due to the decrease 
of the film hardness, since the indentation tests measure the penetration resistance to 
the compressive intrusion of the indenter tip [216].  
 
 
Fig. 5.7 Indentation load-displacement curves of (a) as-deposited; (b) 10 cycled; (c) 50 
cycled; and (d) 100 cycled RuO2 thin film anodes.  
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When RuO2/Li half cell is discharged, Li+ migrate into the thin film anode to 
react with RuO2, leading to a volume expansion of the anode coating. However, this 
volume expansion induced by lithiation is constrained by the rigid Ti substrate, 
resulting in compressive stress in the film and tensile stress in the substrate. The tensile 
stress induces substrate deformation, which can relax some compressive stress in the 
film. Besides, a previous study has indicated that thin film with a higher elastic 
modulus has a larger effect on the substrate deformation [217]. When the half cell is 
charged, Li+ are removed from the anode, introducing porosity and voids in the thin 
film. It is noted that after the first discharge/charge cycle, micro-cracks and voids 
appeared in the film can accommodate the volume expansion, which is expected to 
relax the compressive stress more rapidly than the de-lithiation process [215, 217]. 
Therefore, before the Li+ extraction process is completed, the compressive stress in the 
film has been fully relaxed. The further de-lithiation process leads to a volume 
contraction, inducing tensile stress in the thin film anode. Therefore, after 
discharge/charge cycles, the thin film anode is under tensile stress, acting together with 
the porosity and micro-cracks lead to the mechanical degradation of RuO2 thin film 
anode.  
 
5.1.4 Interfacial Reliability 
Based on the comparative analysis in Chapter 4, the 90° wedge indentation has 
been proved more effective to induce the interfacial delamination, and more accurate 
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to quantify the interfacial adhesion, due to its largest driving force. Therefore, the 90° 
wedge indentation and analysis method are applied to characterize the interfacial 
reliability between the thin film anode and the substrate. Through the combining 
analysis of indentation P-h curves, FESEM plan view and FIB cross-sectional view 
images of the indentation impression (Fig. 5.8), it is found that when the indentation 
load is higher than the critical values (i.e. 6 mN for as-deposited film, and 4 mN for 
both 10th and 50th cycled films), interfacial delamination occurs. The critical load 
(Pcritical) for the onset of interfacial delamination decreases with the increase of cycling 
number. In addition, for all as-deposited, 10th and 50th cycled films, the interfacial 
delamination occurs at the penetration depth of approximately 100 nm, corresponding 
to about 65% of the film thickness. However, after 100 cycles, the thin film anode 
partially peels off from the Ti substrate due to the large volume change; thus, the 
interfacial delamination cannot be convinced by FIB and FESEM. The initiation and 
propagation process of interfacial crack is similar to that observed in RuO2/Si system 
in Chapter 4. During the wedge indentation test, the interfacial crack initiates when the 
indentation load reaches the critical value, and steadily extends in the direction normal 
to the length axis of the indentation impression as the indentation load further increases. 
Finally, the thin film anode is kinked and “piled-up” on both sides of the wedge indenter 
tip, forming a V-shaped morphology from the cross-sectional view [Fig. 5.8(b)], and an 
elliptical shape delamination from the plan view [Fig. 5.8(a)].  
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Fig. 5.8 (a) FESEM plan view and (b) FIB cross-sectional view images of indentation 
induced interfacial crack pattern in RuO2 thin film anode. 
 
Furthermore, following the analysis method on interfacial adhesion mechanics 
described in detail previously (Chapter 4), the interfacial toughness Γi (in terms of 
strain energy release rate) is calculated from the critical indentation load for 
delamination, the delamination crack length from FIB cross-sectional images and the 
delamination area from FESEM images. Table 5.1 summarizes the calculated results of 
interfacial toughness for RuO2 thin film anode at different stages of cycling, as well as 
the key parameters for the calculation. The short axis crack length (2a) and plastic 
depth (hp) must be determined at the critical load (6 mN for as-deposited film, and 4 
mN for both 10th and 50th cycled films). At the critical load, the penetration depth is 
only about 65% of the film thickness; thus, the indentation induced plastic deformation 
in the substrate can be minimized effectively, reducing the calculation error of the 
interfacial toughness. As a result, there is a considerable decrease of the interfacial 
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toughness from 4.87 ± 0.38 Jm-2 to 2.27 ± 0.11 Jm-2 after 10 cycles, and 0.50 ± 0.12 
Jm-2 after 50 cycles. During the first 10 cycles, the decrease rate of interfacial 
toughness is about 5.33% per cycle, corresponding to the capacity fading rate of 3.11%. 
From 10 to 50 cycles, the decrease rate of interfacial toughness is about 1.95% per 
cycle, which correlates to the capacity fading rate of 0.86%.  
 
Table 5.1: Average values of interfacial toughness and the key calculation parameters 






















Deposited 1.20 ± 0.09 0.080 ± 0.003 4012.93 ± 159.29 12919.85 ± 1859.45 4.87 ± 0.38 
10 cycled 1.18 ± 0.11 0.074 ± 0.004 2049.38 ± 51.25 7775.55 ± 1611.90 2.27 ± 0.11 
50 cycled 2.07 ± 0.19 0.103 ± 0.009 399.89 ± 41.72 453.24 ± 80.62 0.50 ± 0.12 
Notes:  
(a) The critical loads, Pcritical, for as-deposited, 10th and 50th cycled films are 6 mN, 4 
mN and 4 mN, respectively. 
(b) The data are averaged from 10 indentation impressions.  
 
The decrease of interfacial toughness is mainly attributed to the reduction of 
elastic modulus (Fig. 5.7), since the interfacial toughness decreases by ~53% while the 
elastic modules decreases 44.0% after 10 cycles. This relationship can be understood 
as the indentation induced stress is directly proportional to the elastic modules (Section 
4.3). Apart from this, the porosities and voids introduced by lithiation/de-lithiation also 
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play a significant role; the denser as-deposited film has a higher interfacial toughness 
than that of the porous cycled films, in agreement with the previous study by Yeap et al 
[183]. Moreover, according to Cibert et al, the propagation of cracks is more difficult 
through the compressive stress filed [218]. As discussed in Section 5.1.3, after 
discharge/charge cycles, the RuO2 thin film anode is under tensile stress, enhancing the 
initiation and propagation of interfacial cracks. Therefore, with the increase of cycling 
number, RuO2 thin film anode is more likely to detach from the substrate. 
 
5.2 Cycling Effect on Reliability of Anatase TiO2 Anode  
Among various anode materials for lithium ion batteries, titanium oxide (TiO2) 
has been regarded as one of promising Li+ intercalation/de-intercalation anodes, with 
low cost, environmental friendliness, high safety, and high Li+ intercalation potential 
(1.75 V vs. Li/Li+) [3, 33, 35-37]. This high potential can eliminate the overcharging 
risk, which leads to the deposition of metallic lithium dendrites. In addition, the 
formation of SEI film can be avoided or minimized, thus reducing the irreversible 
capacity largely [35]. TiO2 has various crystal forms, such as anatase, rutile and 
brookite, etc. Among of them, anatase TiO2 shows obvious advantages, such as 
excellent capacity retention and rate capability. Therefore, in this section, the 
interfacial reliability and aging mechanisms of anatase TiO2 thin film anode is 
investigated and compared with the “conversion reaction” based RuO2 anode.  
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5.2.1 Structural and Electrochemical Characterization 
Fig. 5.9 shows the XRD patterns of TiO2 thin film deposited on Ti substrate at 
room temperature. As a result, there is no detectable peak of TiO2 except the strong 
diffraction peaks of Ti substrate (marked by arrows), indicating poor crystallinity. This 
is in agreement with previous studies [35, 219]. It should be noted that most TiO2 thin 
films prepared using magnetron sputtering technique at room temperature are anatase 
TiO2, which have to be heated to high temperatures (> 900 °C) to obtain rutile phase 
with much higher activation energy [219-222]. Thus, the as-deposited TiO2 film is 
expected to have an amorphous structure in the mixture with nanocrystalline TiO2 
(anatase nature). However, the crystallinity (crystal size) of the anatase phase is smaller 




Fig. 5.9 XRD patterns of as-deposited TiO2 thin film. 
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The TiO2 thin film anode is discharged/charged between 1.0 and 3.0 V at a 
constant current density of 15 μAcm-2. Fig. 5.10 (a) shows the initial discharge/charge 
curves for TiO2 thin film anode. A distinct discharge plateau at about 1.75 V vs. Li/Li+ 
can be observed, as well as the ascent charge plateau at around 1.95 V vs. Li/Li+. This 
is in good agreement with the typical electrochemical characteristic of anatase TiO2 
anode. The overall electrochemical reaction for Li+ insertion/extraction in TiO2 anode 
can be written as follows [3, 37]:  
 
 
TiO2 + xLi+ + xe— ↔  LixTiO2                                                             (5.3) 
 
 
In this reaction, x is the insertion coefficient mainly depending on the material 
structure and crystallography, which is usually close to 0.5 for anatase TiO2 [3]. During 
the first cycle, the total discharge capacity is about 210 μAhcm-2μm-1, including both 
reversible capacity (~80 μAhcm-2μm-1) and irreversible capacity (130 μAhcm-2μm-1), 
resulting in a low coulomb efficiency of about 40%. Therefore, there is a large 
irreversible discharge capacity loss in the initial cycle, which is mainly attributed to the 
irreversible formation of SEI film, and the side reaction associated with 
nanocrystalline TiO2. This phenomenon is very common in thin film anodes with 
nano-structures, such as smaller grain size and larger surface area [25]. Nevertheless, 
comparing to RuO2 anode discussed before, nanocrystalline TiO2 thin film anode shows 
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better cycling performance up to 100 cycles, as shown in Fig. 5.10(b). The specific 
capacity only decreases rapidly during the first several cycles, and becomes very stable 
during the subsequent cycles. After 40 discharge/charge cycles, a relatively high 
discharge capacity of about 60 μAhcm-2μm-1 and a high coulomb efficiency of about 
98% can be still maintained.  
 
 
Fig. 5.10 (a) The first cycle discharge/charge curves and; (b) cycling performance of 
TiO2 thin film anode up to 100 cycles. 
 
5.2.2 Surface Morphology 
Fig. 5.11 shows both 2D and 3D AFM topography of TiO2 thin film anode at 
different stages of charge/discharge cycling. As shown in Fig. 5.11(a), the as-deposited 
TiO2 film surface is very smooth and almost defect-free, only reflecting the surface 
roughness of the substrate, such as the polishing lines. In addition, the as-deposited 
TiO2 film consists of very small nano-grains, indicating the nanocrystalline nature of 
thin film anode, which agrees very well with the XRD results. With the increase of the 
cycling number, there is a visible surface morphology change [Fig. 5.11(a) to 5.11 (d)], 
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accompanied by a slight increase of surface roughness in terms of RMS [Fig. 5.12(a)]. 
After discharge/charge cycles, the nano-grain has become more observably because of 
the slight volume expansion, which is mainly due to the Li+ insertion accompanied by 
the surface absorption of Li+. As shown in Fig. 5.11(c) and 5.11(d), the cycled film is 
composed of packed regular column grains with the average grain size of about 40 nm, 
as well as micro-cracks (indicated by black arrows in Fig. 5.11). Besides, some 
non-uniformity, which is the result of the agglomeration of nano-grains, also appeared 
on the film surface. The surface non-uniformity has harmful effects on the electrical 
contact within the thin film anode, resulting in a rise in impedance and a reduction in 
capacity. Correspondingly, the surface roughness only slightly increase from 1.20 ± 
0.12 nm for the as-deposited film to 4.87 ± 0.99 nm for the cycled film after 100 
discharged/charged cycles, as shown in Fig. 5.12(a), which is mainly due to the 
agglomeration of nano-grains.  
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Fig. 5.11 Ex-situ AFM surface topography (2D and 3D images) of TiO2 thin film 
anodes taken at (a) as-deposited; (b) 10th cycles; (c) 50th cycle; and (d) 100th cycles. 
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Fig. 5.12 (a) Surface roughness measured by AFM; and (b) Calculated elastic modulus 
and nano-hardness of TiO2 thin film anodes at different stages of cycling.  
 
5.2.3 Nanomechanical Degradation 
The elastic modulus and hardness of the TiO2 thin film anode were measured as 
172.69 ± 12.15 GPa and 8.84 ± 1.19 GPa, respectively, which agree well with previous 
studies [223]. Fig. 5.12(b) shows that both elastic modulus and nano-hardness decrease 
with the increase of cycling number. The decrease was more significant during the first 
10 cycles, and became stable after 50 cycles. Furthermore, Fig. 5.13 compares the 
indentation P-h curves at different stages of cycling. At a constant load, e.g. 8 mN, the 
displacement increases with the increase of cycling number. However, after 50 cycles, 
the increase in displacement has become minor, in agreement with the changes in 
hardness, which is the measurement of penetration resistance to the compressive 
intrusion of indenter tip during nanoindentation. This mechanical degradation of TiO2 
thin film anode is closely related to the stress induced by volumetric 
expansion/contraction. Upon discharging of the TiO2/Li half cell, the migration of Li+ 
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into TiO2 to form LixTiO2 that has a larger lattice parameter (3.808 Ǻ) than that of 
anatase TiO2 (3.785 Ǻ), leading to a slight molar volume expansion, resulting in 
compressive stress into the film after the first discharge cycle [224]. Upon charging 
process, Li+ are removed from the LixTiO2 with the lattice parameter decrease and 
volume contraction, inducing tensile stress into the film after the first charge cycle. In 
addition, due to the low crystallinity of TiO2 thin film anode, Li+ insertion/extraction 
into the amorphous structure also induces large volume expansion/contraction of TiO2 
thin film anode, resulting in larger stress to the nano-grains. The stress induced by the 
repeated volume change can accumulate over cycles, introducing micro-cracks into the 
film, as shown in Fig. 5.11. In summary, after discharge/charge cycles, TiO2 thin film 
anode is under tensile stress, together with micro-cracks, leading to the mechanical 
degradation as well as the capacity fading of TiO2 thin film anode [225].  
 
5.2.4 Interfacial Reliability 
Combining FESEM plan view and FIB cross-sectional view images of wedge 
indentation impression [Figs. 5.14(a) and 5.14(b)], when the indentation load is higher 
than a critical value, i.e. 6 mN for as-deposited film, 4 mN for cycled film (10th, 50th 
and 100th cycled), the interfacial delamination occurs at the penetration depth of about 
100 nm, corresponding to about 65% of the film thickness. As summarized in Table 5.2, 
there is an obvious decrease of interfacial toughness after 100 cycles. As discussed in 
Section 5.1, this is mainly attributed to the reduction of elastic modulus, as well as the 
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appearance of micro-cracks. It is found that, for TiO2 thin film anode, the degradation 
of interfacial reliability can correlate to the capacity fading. The average decrease rate 
of interfacial toughness is about 3.96% per cycle during the first 10 cycles, and about 
0.47% per cycle from 10 to 100 cycles. While the capacity decay rate is about 1.33% 
per cycle during the first 10 cycles, and about 0.11% per cycle after the first 10 cycles. 
The significantly decreases in interfacial toughness corresponds to the larger capacity 
fading during the initial cycles.  
 
 
Fig. 5.13 Indentation load-displacement curves of (a) as-deposited; (b) 10 cycled; (c) 
50 cycled; and (d) 100 cycled TiO2 thin film anodes. 
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Fig. 5.14 (a) FESEM plan view and (b) FIB cross-sectional view images of indentation 
induced interfacial crack pattern in TiO2 thin film anode. 
 
Table 5.2: Average values of interfacial toughness and the key calculation parameters 






















Deposited 0.94 ± 0.03 0.063 ± 0.002 2683.06 ± 85.81 15535.61 ± 999.78 2.75 ± 0.17 
10 cycled 1.07 ± 0.03 0.063 ± 0.001 1862.36 ± 37.65 9493.37 ± 573.99 1.66 ± 0.07 
50 cycled 1.33 ± 0.03 0.072 ± 0.001 1479.16 ± 38.81 4578.16 ± 179.54 1.40 ± 0.07 
100 cycled 1.45 ± 0.04 0.071 ± 0.002 1112.10 ± 32.21 3250.75 ± 191.12 0.95 ± 0.05 
Notes:  
(c) The critical loads, Pcritical, for as-deposited is 6 mN, for 10th, 50th and 100th cycled 
films are 4 mN, respectively. 
(d) The data are averaged from 10 indentation impressions.  
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5.3 Summary 
In this chapter, the degradation of surface morphology, mechanical properties 
and interfacial adhesion of both RuO2 and TiO2 thin film anodes during 
discharge/charge cycles have been investigated, respectively. The major conclusions 
are summarized below:  
(i) For RuO2 thin film anode based on “conversion reaction” Li+ storage 
mechanism, the microstructural change induced by electrochemical phase 
transformation leads to significant changes in topography as well as a large increase in 
surface roughness, resulting in the electrical contact loss and the capacity fading. 
During discharge/charge cycling, RuO2 thin film anode mechanically fails because of 
the generalization/relaxation of stress induced by the repeated large volume 
expansion/contraction upon Li+ insertion/extraction. The induced tensile stress in the 
anode film not only drives the initiation and propagation of micro-cracks, and also 
enhances the interfacial delamination.   
(ii) For TiO2 thin film anode based on “intercalation/de-intercalation” Li+ 
storage mechanism, the phase transformation between TiO2 and LixTiO2 during 
discharge/charge cycling leads to molar volume expansion/contraction upon Li+ 
intercalation/de-intercalation, due to the lattice parameter change. Besides, Li+ 
insertion into the amorphous structure accompanying with Li+ surface absorption also 
results in the volumetric change of nano-grains. The repeated volume changes induce 
tensile stress into the film, reducing the measured elastic modulus and hardness, also 
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the interfacial adhesion between TiO2 thin film anode and the substrate.  
 (iii) Comparatively speaking, TiO2 thin film anode shows better cycling 
performance corresponding to good morphology stability, resulting in less degradation 
in mechanical and interfacial properties. While RuO2 thin film anode shows significant 
changes in morphology and surface roughness, introducing larger stress, and also 
micro-cracks and porosities, all of which accelerate the mechanical degradation and 
interfacial delamination. These different aging phenomena are mainly due to the 
different Li+ storage mechanisms. Furthermore, for both two thin film anodes, there 
are specific relationships between the capacity fading and the mechanical failure.  
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Chapter 6. Interfacial Reliability and Aging Mechanism of Thin 
Film Cathode 
 
It is well known that cathode materials, which have very different aging 
mechanisms compared to anodes, affects the cycling performance of lithium ion 
batteries more significantly. Therefore, in this chapter, previous experimental 
methodologies applied to anode materials in Chapter 5 are used to investigate the 
degradation of surface morphology, mechanical behavior and interfacial reliability of 
thin film cathodes during charge/discharge cycling. In Section 6.1, we focus on the 
interfacial reliability and related aging mechanisms of spinel LiMn2O4 thin film 
cathode [226]. Since a cathode material with specific crystal structure has an 
individual aging mechanism, similar aging studies are also conducted on layered 
LiNi1/3Co1/3Mn1/3O2 thin film cathode for comparison in Section 6.2.  
 
6.1 Cycling Effect on Reliability of Spinel LiMn2O4 Cathode  
Among various electrode materials for lithium ion batteries, LiMn2O4 with cubic 
spinel structure is one of the most favored cathodes due to its non-toxicity, relatively 
high voltage, and low cost [92, 98]. However, the commercial application of LiMn2O4 is 
limited due to its poor storage and cycling performance. Although it has been 
extensively studied for many years, the aging mechanism of LiMn2O4 cathode is still 
not very clear [21, 79, 90]. This section aims to provide a new insight into the aging 
mechanisms of LiMn2O4 thin film cathode from the mechanical aspect.   
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6.1.1 Structural and Electrochemical Characterization 
Figure 6.1 shows the XRD patterns of sputtered LiMn2O4 thin film cathode. For 
comparison, the XRD patterns of LiMn2O4 commercial powder are also included. 
Besides the strong peaks from the Ti substrate, a relatively stronger diffraction peak of 
(111) can be observed clearly, accompanied by two peaks of (311) and (400). The peak 
(222) at 37.9° is overlapped, thus cannot be distinguished from that of the substrate. It is 
found that both (311) and (400) reflections match with those of LiMn2O4 powder very 
well; however, (111) reflection slightly shifts about 0.8° to a higher 2θ position (from 
18.7° to 19.5°). It is mainly due to the anion-vacancies (oxygen-deficient) and atom 
location confusion, i.e. atoms may not occupy their ideal lattice positions in spinel 
structure. In other words, the shift of (111) deflection can be attributed to the presence 
of impurities, such as Mn2O3 [97], and the low crystallization of spinel structure [44]. 
Nevertheless, the main X-ray diffraction features of the as-deposited thin film are in 
agreement with regular spinel LiMn2O4 structure. 
 
 
Fig. 6.1 XRD patterns of LiMn2O4 powder and as-deposited LiMn2O4 thin film 
prepared by magnetron sputtering.  
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The first cycle Galvanostatic charge/discharge curves and cycling performance 
of LiMn2O4 thin film cathode between 3.5 to 4.3 V vs. Li/Li+ at a constant current 
density of 10 μAcm-2 are shown in Figs. 6.2(a) and 6.2(b), respectively. It is found that 
the voltage profile during the first cycle exhibits two typical charge plateaus at about 
4.00 and 4.15 V vs. Li/Li+ obviously [Fig. 6.1(a)]. This voltage profile agrees very well 
with the findings reported in the literatures [97, 98]. The charge/discharge plateaus 
correspond to the reversible electrochemical reactions of the spinel LiMn2O4 cathode in 
Li+ de-intercalation/intercalation process, which can be written as the following 
two-step reactions [97]:  
 
 
LiMn2O4 ↔  Li0.5Mn2O4+ 0.5Li+ + 0.5e-                                (6.1) 
 
 
Li0.5Mn2O4 ↔  λ-MnO2 + 0.5Li+ + 0.5e-                                           (6.2) 
 
 
The two plateaus during charge process correspond to the two successive steps of Li+ 
de-intercalation from LiMn2O4 to form λ-MnO2, whereas the discharge plateaus 
correspond to the Li+ intercalation into λ-MnO2 to form LiMn2O4 [Fig. 6.2(a)]. Fig. 
6.2(b) shows that the initial discharge capacity of LiMn2O4 thin film cathode is about 
53.33 μAhcm-2μm-1. When the theoretical density of LiMn2O4 is taken as 4.3 gcm-3, 
the discharge capacity has become about 124 mA h g-1 and it decays with an average 
rate of ~0.25% per cycle up to 100 cycles. However, a direct comparison of the 
  Chapter 6 
106 
capacity value between thin film and bulk electrodes is not appropriate, since about 10% 
calculation error is expected due to the estimation error of the film thickness and area. 
It can be observed that about 75% of its initial discharge capacity (40 μAhcm-2μm-1) is 
still maintained even after 100 cycles, indicating that the sputtered polycrystalline 
LiMn2O4 thin film cathode exhibits good cycling stability and capacity retention. 
Besides the capacity fading, the charge plateaus have become higher and the discharge 
plateaus have become lower over cycles [Fig. 6.2(a)], indicating the increased cell 
polarization and the structure degradation of spinel LiMn2O4.  
 
 
Fig. 6.2 (a) The first cycle charge/discharge curves; and (b) cycling performance of 
LiMn2O4 thin film cathode up to 100 cycles. 
 
6.1.2 Surface Morphology 
Figure 6.3 shows FESEM images of LiMn2O4 thin film cathode at different 
stages of cycling. The as-deposited LiMn2O4 thin film cathode has smooth and uniform 
surface morphology [Fig. 6.3(a)], consisting of densely-packed columnar grains with 
fairly homogeneous grain size. The average grain size is estimated to be about 60 nm, 
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confirming the nanostructure of the LiMn2O4 thin film [Fig. 6.3(e)]. As shown in Figs. 
6.3(a) to 6.3(d), there is no distinct morphology change during 100 cycles, as the film 
maintains its original grain shape with a very slight increase in the gaps between the 
grains. Additionally, due to the fragmentation of the original columnar grains into 
smaller ones, some stacking and agglomerations of irregular nano-grains were formed 
and observed clearly, resulting in non-uniformity in the cycled film after 
charge/discharge cycles [indicated by white arrows in Fig. 6.3(c) and 6.3(d)].  
Three-dimensional (3D) AFM images clearly show the surface topography 
revolution with the increase of cycling number [Fig. 6.4(a) to 6.4(d)], in agreement with 
FESEM images. Additionally, the topography change can lead to a slight increase in 
surface roughness of LiMn2O4 thin film cathode, which is quantitatively determined by 
analyzing the AFM image in terms of RMS (root mean square) and averaged from ten 
random areas of 1×1 μm2. As shown in Fig. 6.5, the surface roughness and standard 
deviation increase from 5.54 ± 0.40 nm for as-deposited film to 6.41 ± 0.43 nm, 8.03 ± 
0.45 nm and 11.67 ± 2.52 nm after 10, 50 and 100 charge/discharge cycles, respectively. 
This overall increment of surface roughness is in agreement with that reported in 
previous studies on LiMn2O4 and LiCoO2 thin film cathodes prepared by the pulse laser 
deposition (PLD) technique [92, 94].  
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Fig. 6.3 Ex-situ FESEM images of LiMn2O4 thin film cathodes taken at (a) 
as-deposited; (b) 10th cycles; (c) 50th cycle; (d) 100th cycles; and enlargement view of 
(e) as-deposited film and (f) 100th cycled film. 
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Fig. 6.4 Ex-situ AFM 3D topography images of LiMn2O4 thin film cathodes taken at (a) 
as-deposited; (b) 10th cycles; (c) 50th cycle; and (d) 100th cycles. 
 
It is well known that several factors may contribute to the surface topography 
change in a thin film cathode, e.g. fragmentation and agglomeration of nano-grains 
[94], corrosion effects [92], surface layer formation [10] , coarsening of the 
substrate/thin film interface and many other reasons. Among those, the fragmentation/ 
agglomeration of nano-grains can be identified in this study. As shown in a high 
magnification FESEM image [Fig. 6.3(f)], several agglomerates of irregular 
nano-grains are formed on the surface after 100 cycles. Generally speaking, the most 
likely reason for the described topography change is the induced-stress, which is 
generated by the volume variations due to repeated Li+ de-intercalation/intercalation. 
With the increase of cycling number, the induced-stress accumulates and finally 
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surpasses the strength of cathode materials, leading to the fragmentation of nano-grains. 
Since this fragmentation/agglomeration of nano-grains associated with “stress 
accumulation” is an irreversible process, there is a continuous change in morphology 
accompanied by a slight increase in surface roughness. However, it is still difficult to 
determine whether other effects are responsible for the topography change, requiring 
further studies in future.  
 
 
Fig. 6.5 Surface roughness measured by AFM of LiMn2O4 thin film cathodes at 
different stages of cycling. 
 
6.1.3 Nanomechanical Degradation 
The measured elastic modulus and hardness of as-deposited LiMn2O4 thin film 
cathode are found to be 202.98 ± 13.30 GPa and 10.81 ± 1.79 GPa, respectively. Fig. 6.6 
shows that the elastic modulus of the thin film cathode decreases with the increase of the 
cycling number. The decrement is more significant during the first 10 cycles, and 
becomes relatively small during the subsequent cycles, while the hardness only 
deceases during the initial 10 cycles, and remain nearly unchanged after that.  
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Fig. 6.6 Elastic modulus and hardness of LiMn2O4 thin film cathodes at different stages 
of cycling.  
 
In addition to the elastic modulus and hardness, nanoindentation P-h curves are 
fingerprints of the mechanical responses of thin film structures. Fig. 6.7 shows the P-h 
curves for LiMn2O4 thin film cathodes at different stages of cycling to characterize the 
mechanical degradation. It is obvious that the mechanical responses of LiMn2O4 thin 
film cathodes are different before and after charge/discharge cycling. At the same 
indentation load, i.e., 8 mN, the displacement increases from about 100 nm for 
as-deposited film to about 250 nm for 50th cycled film [Figs. 6.7(a) and 6.7(b)]. This is 
mainly due to the decrease of film hardness after charge/discharge cycles, since the 
indentation tests measure the resistance to the penetration of the indenter tip [227]. In 
addition, the mechanical responses of LiMn2O4 thin film cathodes after 50 and 100 
cycles are nearly the same, which also agrees well with the changes of hardness.  
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Fig. 6.7 Indentation load-displacement curves of LiMn2O4 thin film cathodes at (a) 
as-deposited; (b) 10 cycles; (c) 50 cycles; and (d) 100 cycles. 
 
The mechanical degradation of LiMn2O4 thin film cathode during cycling is 
closely related to the induced-stress, which may arise from several contribution factors, 
such as the volume variation due to lattice parameter change, inhomogeneous local 
structure, surface film formation, and surface tension change due to the adsorption of 
species, etc [21, 79, 90]. Firstly, the induced-stress is attributed to the volume 
expansion/contraction of thin film cathode due to the lattice parameter change induced 
by the repeated Li+ de-intercalation/intercalation. When LiMn2O4/Li half cell is 
charged, the spinel LiMn2O4 transforms to λ-MnO2 upon Li+ extraction, which has a 
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smaller lattice parameter (8.045 Ǻ) than that of the original LiMn2O4 (8.247 Ǻ) [79]. 
The volume contraction of thin film cathode is constrained by the rigid substrate, 
resulting in tensile stress in the film during charge process. When the half cell is fully 
discharged, Li+ are inserted back into the host λ-MnO2 framework with ~2.4% 
increase of the lattice parameter and volume expansion, resulting in the compressive 
stress in the film during the discharge process. Secondly, in the high voltage region, the 
coexistence of two cubic phases with different lattice parameters (8.045 Ǻ and 8.142 Ǻ) 
leads to inhomogeneous structural variation and lattice mismatch [90], which is 
another cause for stress generation. Thirdly, mechanical stress also arises from the 
surface property change induced by the surface layer formation as well as the surface 
absorption of species from the liquid electrolyte [21]. Noted that the mechanical 
degradation is more significant during the initial 10 cycles [Fig. 6.5(b)], a so-called 
solid electrolyte interphase (SEI) layer, which is the product of electrolyte 
decomposition, accompanying with the absorbed species on the film surface, may play 
significant roles in the changes of surface tension. In addition to the above reasons, 
several researchers have suggested that Jahn-Teller distortion in the 4 V region is also a 
possible reason for the stress generation [20, 21, 79]. It is commonly believed that 
Jahn-Teller distortion is observed when the concentration of Jahn-Teller ions (Mn3+) 
exceeds 50% mol in the host structure at the end of discharge to 3 V, accompanying 
with the phase transformation from spinel LiMn2O4 to tetragonal Li2Mn2O4 [90]. 
Thackeray et al.; however, have observed the onset of Jahn-Teller distortion even in 
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the 4 V region using ex-situ TEM techniques [228-230], which has also been 
confirmed by in-situ laser beam deflection methods [20, 79]. In this case, the mean Mn 
valence at particle surface is below 3.5 since the tetragonal phase only forms on the 
surface, which is different from the Jahn-Teller effect in the 3 V region where the 
entire particle transforms to the tetragonal phase. It is noted that the Jahn-Teller 
distortion can lead to ~5.6% expansion of the unit cell volume, resulting in large stress 
inside the thin film cathode. In addition, compared to the continuous volume variation 
induced by Li+ de-intercalation/intercalation, which is proportional to the amounts of 
Li+ extraction /insertion, the volume change induced by Jahn-Teller distortion is larger 
and more abrupt. Therefore, Jahn-Teller distortion in the 4 V LiMn2O4 is considered as 
one of the possible reasons, even though the detail mechanism is still not very clear.  
In summary, for the LiMn2O4 thin film cathode, in terms of the stress induced 
by repeated de-intercalation/intercalation and phase transformation, tensile stress arises 
during charge process and compressive stress arises during discharge process, resulting 
in the mechanical degradation of the LiMn2O4 thin film cathode. Furthermore, the 
decrease of elastic modulus and hardness is more significant in the first 10 cycles, and 
becomes relatively small during subsequent cycles. Several possible reasons should be 
considered: Firstly, during the initial cycles, surface film formation and dissolution of 
the electrode in the electrolyte play more significant roles. Secondly, it can be 
explained by the relaxation and reduction of induced-stress. After a few cycles, the 
fragmentation of nano-grains is expected to relax a larger part of the induced-stress. 
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Additionally, to some extent, the intercalation-induced stress depends on the amounts 
of Li+ insertion/extraction. Therefore, after several charge/discharge cycles, the 
capacity fading can result in the reduction of the induced-stress.  
 
 
Fig. 6.8 (a) FESEM plan view and (b) FIB cross-sectional view images of indentation 
induced interfacial crack pattern at LiMn2O4/Ti substrate interface. 
 
6.1.4 Interfacial Reliability 
Similar to the analysis of thin film anodes, combining the analysis on 
indentation P-h curves, FESEM plan view [Fig. 6.8(a)] and FIB cross-sectional view 
[Fig. 6.8(b)] images of the indentation impressions, it is found that the interfacial 
delamination occurs when the indentation load is higher than a critical value (i.e. ~8 
mN for as-deposited film, and ~6 mN for 10th, 50th and 100th cycled films). For all 
as-deposited and cycled thin films, the interfacial delamination initiates at the 
indentation depth of approximately 150 nm, which corresponds to about 60% of the 
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film thickness. Furthermore, at the critical loads, there are also so-called “pop-in” 
events observed in the indentation P-h curves, i.e., a sudden increase of displacement 
at an approximately constant indentation load. Therefore, the “pop-in” events can be 
used to predict the interfacial delamination for LiMn2O4 thin film cathode. Fig. 6.8(a) 
shows the steady state propagation of the interfacial cracks in the direction normal to 
the wedge indentation impressions as well as the elliptical shape interfacial crack, 
which is consistent with the theoretical model of the wedge indentation induced 
interfacial delamination [183]. Table 6.1 summarizes the average results of interfacial 
toughness as well as the key calculation parameters for a LiMn2O4 thin film cathode on 
Ti substrate at different stages of cycling. These parameters are determined at the 
critical load (Pcritical) to minimize the calculation error. At this load, the indentation 
depth is much less than the film thickness; hence, the substrate deformation and the 
amount of strain energy released in terms of film crack can be minimized effectively.  
As a result, there is an observable decrease of the interfacial toughness of 
LiMn2O4 thin film cathode during cycling. As mentioned before, it is mainly attributed 
to the reduction of elastic modulus, since the indentation induced stress is proportional 
to the elastic modules. Besides, for the LiMn2O4 thin film cathode, the initiation and 
propagation of interfacial crack is more difficult under the compressive stress induced 
by Li+ de-intercalation/intercalation. Therefore, the interfacial toughness only 
decreases ~12% while the elastic modules decreases ~36% during the first 10 cycles. 
As shown in Table 6.1, the average rate of decrease of interfacial toughness is ~1.11% 
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per cycle during the first 10 cycles, and ~0.58% per cycle between 10 and 50 cycles, 
whereas this rate decreases to only ~0.18% per cycle after 50 cycles. While the 
capacity decay rate is ~4.5% per cycle during the first 10 cycles, and afterward ~3.0% 
per cycle between 10 and 50 cycles, finally decreases to only ~2.2% per cycle after 50 
cycles. It is interesting to note that there may be a relationship between the capacity 
fading and the degradation of interfacial reliability. For LiMn2O4 thin film cathode, the 
capacity fading corresponds to the decrease of the amounts of Li+ 
de-intercalation/intercalation, resulting in the reduction of intercalation induced-stress. 
Therefore, there is a slow decrease in the magnitude of the interfacial toughness with 
the increase of cycling number. Additionally, since higher elastic modulus can induce 
larger intercalation induced-stress due to the rigidity of the host structure [123], cycled 
film with lower elastic modulus results in smaller induced stress. Therefore, interfacial 
reliability has become stable with the decrease of induced stress over cycles.  
 
Table 6.1: Average values of interfacial toughness and the key calculation parameters 






















Deposited 0.98 ± 0.06 0.049 ± 0.002 1091.77 ± 55.42 47129.10 ± 5634.45 0.647 ± 0.066 
10 cycled 1.16 ± 0.04 0.057 ± 0.002  855.29 ± 34.10 22769.88 ± 1493.23 0.575 ± 0.046 
50 cycled 1.45 ± 0.05 0.061 ± 0.002  703.46 ± 45.33  13081.14 ± 781.67 0.442 ± 0.058 
100 cycled 2.26 ± 0.12 0.076 ± 0.003  646.03 ± 13.68   4902.88 ± 509.88 0.403 ± 0.017 
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Notes:  
(e) The critical loads, Pcritical, for as-deposited, 10th, 50th and 100th cycled films are 
8mN, 6mN, 6mN and 6mN, respectively, 
(f) The data are averaged from 10 indentation impressions.  
 
6.2 Cycling Effect on Reliability of Layered LiNi1/3Co1/3Mn1/3O2 Cathode  
LiNi1/3Co1/3Mn1/3O2, a unique layered material due to its specific chemical 
composition consisting of Ni2+, Mn4+ and Co3+, was first proposed by Ohzuku and 
Makimura in 2001. In recent years, LiNi1/3Co1/3Mn1/3O2 has attracted much attention 
as a novel and promising cathode material due to its evident advantages, such as high 
discharge capacity, low cost, good thermal stability, as well as the low toxicity 
compared to conventional LiCoO2 cathode [1, 109, 231-237]. However, there are a few 
drawbacks hindering its further application, for instance, the large irreversible capacity 
loss during the initial cycle, and the poor cycling performance. Therefore, a 
comprehensive understanding of the degradation mechanisms of LiNi1/3Co1/3Mn1/3O2 
cathode during charge/discharge cycling process is very significant for the 
performance improvement.  
 
6.2.1 Structural and Electrochemical Characterization 
The XRD patterns of LiNi1/3Co1/3Mn1/3O2 commercial powder and sputtered 
LiNi1/3Co1/3Mn1/3O2 thin film on Ti substrate are shown in Fig. 6.9. All diffraction 
peaks of the commercial powder are indexed as a layered hexagonal α-NaFeO2 
structure with rhombohedral R3m space group. In this structure, the transition metal 
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sites (3a) are equally occupied by nickel, manganese and cobalt atoms, while the alkali 
metal sites (3b) are occupied by lithium atoms [231]. For thin film LiNi1/3Co1/3Mn1/3O2, 
excluding the strong peaks from Ti substrate (indicated by black arrows), other 
diffraction peaks from (003), (101), (104), (105) and (110) reflections can match with 
those of the powder sample. The disappearance of diffraction peaks of (107) and (108) 
is mainly due to the relatively low peak intensity. Furthermore, compared to the 
powder sample, there are two special features in XRD patterns of LiNi1/3Co1/3Mn1/3O2 
thin film, in agreement with the previous study [238]. Firstly, the diffraction peaks of 
(101) and (104) slightly shift to the lower 2θ positions, indicating that nickel, 
manganese and cobalt atoms may not occupy their ideal lattice positions to form 
perfect hexagonal structure. Secondly, the peak intensity ratio of I(003)/I(104), which is a 
measurement of the cation mixing, is less than 1.2, indicating that the cation mixing in 
sputtered LiNi1/3Co1/3Mn1/3O2 thin film is not ideal [1]. All these features are 
associated with the relatively low sputtering temperature. Nevertheless, 
LiNi1/3Co1/3Mn1/3O2 thin film deposited by RF magnetron sputtering has a layered 
hexagonal structure as its powder counterpart. In addition, this structure of 
LiNi1/3Co1/3Mn1/3O2 is stable during charge/discharge cycling without the appearance 
of new phase [164, 239].  
It is noted that the electrochemical performance of LiNi1/3Co1/3Mn1/3O2 only 
depends on the electro-active divalent nickel ions and trivalent cobalt ions, involving 
the redox reaction as Ni2+/4+ and Co3+/4+ [1]. Figure 6.10(a) shows the first cycle of 
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Galvanostatic charge/discharge curves of LiNi1/3Co1/3Mn1/3O2 thin film cathode 
operated between 3.0 to 4.3 V with a constant current density of 10 μAcm-2 at room 
temperature. It is observed that the first charge curve shows a distinct plateau at around 
3.7 V vs. Li/Li+, while the discharge curve is smooth with a gradual potential range 
from 3.6~3.9 V vs. Li/Li+. The charge/discharge plateaus correspond to the reversible 
oxidation and reduction upon Li+ de-intercalation/intercalation. Additionally, the first 
charge and discharge capacities are about 143.91 and 108.88 μAhcm-2μm-1, 
respectively, exhibiting a large irreversible capacity loss (IRC). According to Choi and 
Manthiram [240], the enhanced parasitic electrochemical reaction occurring between 
the cathode surface and the electrolyte is the main reason for this IRC.  
 
 
Fig. 6.9 XRD patterns of LiNi1/3Co1/3Mn1/3O2 commercial powder and as-deposited 
LiNi1/3Co1/3Mn1/3O2 thin film prepared by RF magnetron sputtering.  
 
The cycling performance of LiNi1/3Co1/3Mn1/3O2 thin film cathode up to 100 
cycles is shown in Fig. 6.10(b). It is found that the discharge capacity rapidly deceases 
  Chapter 6 
121 
to about 60 μAhcm-2μm-1 after 40 charge/discharge cycles, exhibiting the average 
capacity loss of ~1.11% per cycle. However, from 40 to 100 cycles, the capacity 
retention has become much better, with the capacity loss of only ~0.36% per cycle. 
Furthermore, the capacity retention after 100 cycles remains ~45% of the initial 
capacity, which is less than that of the powder counterpart [235, 237]. This is mainly 
due to the non-perfect host structure for reversible Li+ de-intercalation/intercalation, 
because of the low crystallinity of the thin film cathode.  
 
 
Fig. 6.10 (a) The first cycle charge/discharge curves; and (b) cycling performance of 
LiNi1/3Co1/3Mn1/3O2 thin film cathode up to 100 cycles. 
 
6.2.2 Surface Morphology 
Figure 6.11 shows FESEM surface morphology of LiNi1/3Co1/3Mn1/3O2 thin film 
cathode at different stages of cycling. The as-deposited LiNi1/3Co1/3Mn1/3O2 thin film is 
uniform and almost defect-free, consisting of almost close-packed polyhedral 
nano-grains with the average grain size of about 80 nm [Fig. 6.11(a)]. There is no 
significant change in the size and shape of nano-grains. However, with the increase of 
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cycling number, the nano-grains of LiNi1/3Co1/3Mn1/3O2 thin film seem to be 
self-agglomerated, and the electrical contact within these nano-grains has become poor 
due to the presence of many voids, resulting in an increase in contact resistance and a 
reduction in capacity. This finding is consistence with previous studies [164, 239]. 
Moreover, Figure 6.12 shows the 3D topography evolution of LiNi1/3Co1/3Mn1/3O2 thin 
film cathode during cycling, accompanied by a distinct increase of surface roughness 
[Fig. 6.13]. It is closely associated with the self-agglomeration and even stacking of 
nano-grains due to electrochemical migration, which is the movement of metal ions 
between two electrodes, leading to the formation of metallic Li dendrite.   
 
 
Fig. 6.11 Ex-situ FESEM images of LiNi1/3Co1/3Mn1/3O2 thin film cathodes taken at (a) 
as-deposited; (b) 10th cycles; (c) 50th cycle; (d) 100th cycles. 




Fig. 6.12 Ex-situ AFM 3D topography images of LiNi1/3Co1/3Mn1/3O2 thin film 
cathodes taken at (a) as-deposited; (b) 10th cycles; (c) 50th cycle; and (d) 100th cycles. 
 
6.2.3 Nanomechanical Degradation 
The elastic modulus and hardness of LiNi1/3Co1/3Mn1/3O2 thin film cathode are 
measured as 160.94 ± 14.88 GPa and 7.10 ± 1.26 GPa, respectively. Fig. 6.14 shows 
that both elastic modulus and hardness decrease with the increase of cycling number. 
The decrease is more significant during the first 10 cycles, and has become minor after 
50 cycles. This is also consistent with the changes of the indentation P-h curves (Fig. 
6.15), at a constant load, the decrease of displacement has become slowly with the 
increase of cycling number, similar to the changes of hardness. The mechanical 
degradation of LiNi1/3Co1/3Mn1/3O2 thin film cathode during charge/discharge cycling 
is mainly attributed to three factors: (i) the appearance of voids between nano-grains 
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and their agglomerations reduces the mechanical integrity and strength of thin film 
cathode; (ii) the formation of surface layer (SEI) from the electrolyte decomposition, 
acting as a kinetic barrier to lithium diffusion, can induce stress to the film; (iii) the 
surface absorption of species from the liquid electrolyte can change the surface tension. 
However, different from LiMn2O4 thin film cathode discussed before (Section 6.1), the 
stress induced by structural degradation is not significant for LiNi1/3Co1/3Mn1/3O2 thin 
film cathode, due to its good structural stability during cycling [241].   
 
 
Fig. 6.13 Surface roughness measured by AFM of LiNi1/3Co1/3Mn1/3O2 thin film 
cathodes at different stages of cycling.  
 
 
Fig. 6.14 Elastic modulus and hardness of LiNi1/3Co1/3Mn1/3O2 thin film cathodes at 
different stages of cycling.  
  Chapter 6 
125 
 
Fig. 6.15 Indentation load-displacement curves of LiNi1/3Co1/3Mn1/3O2 thin film 
cathodes at (a) as-deposited; (b) 10 cycles; (c) 50 cycles; and (d) 100 cycles.  
 
6.2.4 Interfacial Reliability 
Combining the analysis of indentation P-h curves, FESEM plan view and FIB 
cross-sectional view images of interfacial cracks, the relationship between “pop-in” 
events and interfacial delamination can be established. The interfacial delamination of  
LiNi1/3Co1/3Mn1/3O2 thin film cathode occurs when the “pop-in” events appear (i.e. ~6 
mN for as-deposited and 10th cycled films, and ~4 mN for 50th and 100th cycled 
films), at the penetration depth of about 150 nm corresponding to ~60% of the film 
thickness. The delamination process and interfacial crack configuration is very similar 
to that of LiMn2O4 thin film cathode, as shown in Fig. 6.8. 
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Table 6.2: Average values of interfacial toughness and the key calculation parameters 






















Deposited 0.95 ± 0.06 0.048 ± 0.001 849.27 ± 29.76 39084.22 ± 4280.41 0.493 ± 0.034 
10 cycled 1.23 ± 0.08 0.053± 0.002 527.26 ± 18.98 15211.27 ± 1924.23 0.294 ± 0.008 
50 cycled 1.94 ± 0.06 0.069 ± 0.002 442.33 ± 16.88 4761.53 ± 311.67 0.265 ± 0.010 
100 cycled 2.58 ± 0.13 0.079 ± 0.002 422.12 ± 13.56 2623.99 ± 262.90 0.247 ± 0.016 
Notes: 
(a) The maximum loads, Pcritical, for as-deposited, 10th, 50th and 100th cycled films are 
6mN, 6mN, 4mN and 4mN, respectively. 
(b) Data are averaged from 10 indentation impressions. 
 
Table 6.2 summarizes the average results of interfacial toughness as well as the 
calculation parameters for LiNi1/3Co1/3Mn1/3O2 thin film at different stages of cycling. 
As a result, the average decrease rate of interfacial toughness is ~4.01 % per cycle 
during the first 10 cycles, ~0.25% per cycle from 10 to 50 cycles, and only ~0.14% per 
cycle after 50 cycles. While the capacity fading rate is ~1.44 % per cycle during the 
first 10 cycles, ~1.00% per cycle from 10 to 50 cycles, and only ~0.33% per cycle after 
50 cycles. It is found that the degradation of interfacial reliability cannot 
proportionally correlate to the capacity fading very well. This phenomenon is different 
from LiMn2O4 cathode, where the mechanical degradation is mainly attributed to the 
stress induced by lattice parameter change, corresponding to the amounts of Li+ 
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de-intercalation/intercalation. However, the mechanical degradation of 




In this chapter, various characterization techniques have been applied to 
investigate the changes in surface topography, mechanical behavior and interfacial 
reliability of spinel LiMn2O4 and layered LiNi1/3Co1/3Mn1/3O4 thin film cathode during 
cycling process. The major conclusions are summarized as follows:  
(i) LiMn2O4 thin film cathode with spinel structure shows good morphology 
stability with a slight increase in surface roughness. During charge/discharge cycling, 
the mechanical stress is mainly induced by the lattice parameter change upon Li+ 
de-intercalation/intercalation, as well as the lattice mismatch related to inhomogeneous 
local structural change and Jahn-Teller distortion in the 4 V region. The repeat 
accumulation of mechanical stress leads to the fragmentation/agglomerations of 
nano-grains, resulting in the degradation in both mechanical and interfacial properties. 
Additionally, the agglomerations of nano-grains have harmful effects on the electrical 
contact within LiMn2O4 thin film, also affecting the capacity fading.  
(ii) For LiNi1/3Co1/3Mn1/3O4 thin film cathode with layered hexagonal structure, 
due to the non-homogenous self-agglomerations and stacking of nano-grains, there is 
an observable surface topography change accompanying with an obvious increase in 
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surface roughness. The mechanical degradation in LiNi1/3Co1/3Mn1/3O4 thin film 
cathode is mainly attributed to the appearance of voids between nano-grains and their 
agglomerations, as well as the surface tension change induced by SEI film formation 
and surface absorption. Besides, the isolation of nano-grains leads to both mechanical 
and electrical contact loss within the thin film cathode, thus, resulting in an increase in 
contact resistance and a decrease in capacity.  
 (iii) Comparatively speaking, LiMn2O4 thin film cathode shows better cycling 
performance and also surface morphology stability; thus, the structural degradation is 
the main source of both capacity fading and mechanical degradation. In contrast, for 
LiNi1/3Co1/3Mn1/3O4 thin film cathode with structural stability, the aging phenomenon 
is most likely associated with the surface topography change as grain isolation. 
Through comparative analysis, the distinct surface morphology changes in 
LiNi1/3Co1/3Mn1/3O4 thin film cathode may have more significant effect on capacity 
fading as well as the mechanical degradation.  
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Chapter 7. Effects of Charge/Discharge Rate and Depth of 
Discharge (DOD) on Interfacial Reliability 
 
Aging of lithium ion batteries not only depends on the cycling number, but also 
on the cycling conditions and charge/discharge states, especially for cathode materials 
[8]. Therefore, spinel LiMn2O4 is selected as the test model to investigate these factors 
that influence the capacity fading as well as the mechanical degradation of thin film 
cathode. Specifically, Section 7.1 aims to investigate the effects of charge/discharge 
rate on the capacity fading of LiMn2O4 thin film cathode, as well as the degradation in 
interfacial reliability, mechanical behavior and surface morphology. In addition, the 
relationship between the depth of discharge (DOD) and the mechanical failure of 
LiMn2O4 thin film cathode is investigated in Section 7.2.  
 
7.1 Effects of Charge/Discharge Rate on Reliability 
7.1.1 Electrochemical Characterization 
Fig. 7.1 shows the first cycle discharge curves and cycling performance of 
LiMn2O4 thin film cathode with different current densities between 3.5 and 4.3 V. The 
electrochemical mechanism of LiMn2O4 is given in detail in Section 6.1. It is found 
that both the discharge capacity and voltage plateau are strongly dependent on the 
current density, which is similar to the previous studies [80, 93]. As shown in Fig. 
7.1(a), the increase of current density from 5 μAcm-2 to 100 μAcm-2 leads to a 
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reduction of voltage plateau, accompanying with a drop of discharge capacity from 58 
μAhcm-2μm to 45 μAhcm-2μm. Additionally, the capacity fading also exacerbates with 
the increase of charge/discharge current density [Fig. 7.1(b)]. The average rate of 
capacity fading increase from ~0.29% per cycle to ~0.51% per cycle, while the current 
density increase from 5 μAcm-2 to 100 μAcm-2.  
 
 
Fig. 7.1 (a) The first cycle discharge curves; and (b) cycling performance of LiMn2O4 
thin film cathode up to 50 cycles with different charge/discharge current densities.  
 
7.1.2 Surface Morphology 
Figure 7.2 shows FESEM images of surface morphology of LiMn2O4 thin film 
cathode after 50 cycles with different current densities. It is found no significant grain 
morphology change with the increase of current density. Under the low current density 
of 5 μAcm-2, the cycled film shows almost smooth surface with closely packed 
nano-grains, as shown in Fig. 7.2(a). However, with high current density of 100 
μAcm-2, heterogeneities can be observed on the film surface due to the agglomeration 
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of nano-grains, accompanying with the increase of voids and gap between nano-grains 
[Fig. 7.2(b)]. These voids and gaps can affect the interconnectivity between 
nano-grains, leading to an increase in electrical resistance of thin film cathode. The 
changes in surface morphology also lead to an increase in surface roughness [Fig. 
7.3(a)], which is obtained from AFM measurements. It is worth noting that the increase 




Fig. 7.2 Ex-situ FESEM images of LiMn2O4 thin film cathodes taken after 50 cycles 
with different current densities: (a) 5 μAcm-2; (b) 10 μAcm-2; (c) 50 μAcm-2; (d) 100 
μAcm-2. 
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Fig. 7.3 (a) Surface roughness measured by AFM; and (b) elastic modulus and 
hardness of LiMn2O4 thin film cathodes after 50 cycles with different current densities. 
 
7.1.3 Nanomechanical Degradation 
As shown in Fig. 7.3(b), measured elastic modulus and hardness of LiMn2O4 
thin film cathode decrease with the increase of charge/discharge current density 
evidently. Due to the decrease of hardness, the indentation load-displacement (P-h) 
curves also show corresponding changes, indicating the degradation of mechanical 
properties of LiMn2O4 thin film cathode. Both surface morphology change as well as 
the mechanical degradation of LiMn2O4 thin film cathode is mainly attributed to the 
stress accumulation. As discussed before in Section 6.1, the mechanical stress arise 
from several factors, such as volume change induced by Li+ de-intercalation/ 
intercalation, lattice mismatch induced by non-homogenous phase transformation (4 V 
Jahn-Teller effect), and surface properties change induced by SEI film formation and 
surface absorption. Firstly, it is noted that the higher charge/discharge current density 
corresponds to the higher rate of Li+ intercalation/de-intercalation into spinel LiMn2O4 
cathode, resulting in larger intercalation-induced stress by lattice parameter change. 
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Secondly, the stress induced by inhomogeneous phase transformation also increase. 
The Jahn-Teller distortion in 4 V ranges, which is caused by phase transformation from 
cubic spinel to tetragonal phase only on the particle surface, can induce larger and 
abrupt volumetric change (~5.6%). With the increase of current density, the gradient in 
the Li+ concentration increase; however, the diffusion rate of Li+ within the spinel 
LiMn2O4 particle does not increase. Thus, large amounts of Li+ do not have enough 
time to diffuse into the spinel structure, and only accumulate on the surface of 
LiMn2O4 particle, enhancing the Jahn-Teller distortion [79]. In addition, the current 
density also influences the time of transformation from cubic spinel to tetragonal phase. 
According to previous numerical studies [123], larger current density can lead to faster 
phase transformation and thicker tetragonal shell, resulting in larger stress related to 
lattice mismatch. Finally, with the increase of current density, the surface reaction 
between thin film electrode and the liquid electrolyte is enhanced, promoting the 
decomposition of electrolyte and the formation surface film. It is conceivable that the 
changes in surface tension further increase the mechanical stress. In summary, the 
large mechanical stress induced by high current density quickly accumulates over 
charge/discharge cycles, leading to the more significant mechanical degradation of 
LiMn2O4 thin film cathode.  
 
  Chapter 7 
134 
 
Fig. 7.4 Indentation load-displacement curves of LiMn2O4 thin film cathodes after 50 
cycles with different current densities: (a) 5 μAcm-2; (b) 10 μAcm-2; (c) 50 μAcm-2; (d) 
100 μAcm-2.  
 
7.1.4 Interfacial Reliability 
Table 7.1 summarizes the average results of interfacial toughness of the 
LiMn2O4 thin film cathode after 50 cycles with different current densities, as well as 
key parameters for the calculation. It can be seen that the interfacial toughness 
decreases ~46% with the increase of current density, corresponding to the decrease of 
elastic modulus of ~44%. In addition, compared to the as-deposited LiMn2O4 thin film 
cathode before cycling, the average decrease rate of interfacial toughness is ~0.21% 
per cycle for low current density of 5 μAcm-2, and increases to ~1.17% per cycle for 
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high current density of 100 μAcm-2. Therefore, the interfacial reliability of LiMn2O4 
thin film cathode is strongly dependent on charge/discharge current density.  
 
Table 7.1: Average values of interfacial toughness and the key calculation parameters 

























5 0.84 ± 0.03 0.049 ± 0.001 859.41 ± 18.86 42849.66 ± 3252.60 0.580 ± 0.026 
10 1.45 ± 0.05 0.061 ± 0.002 703.46 ± 45.33 13081.14 ± 781.67 0.442 ± 0.058 
50 1.89 ± 0.10 0.073 ± 0.002 521.64 ± 20.48 5152.46 ± 531.80 0.358 ± 0.028 
100 3.08 ± 0.19 0.093 ± 0.003 395.46 ± 11.64 1490.17 ± 171.41 0.269 ± 0.016 
Notes:  
(g) The critical loads, Pcritical, for 50th cycled thin film cathode with 5 μAcm-2, 10 
μAcm-2, 50 μAcm-2 and 100 μAcm-2 current density are 6mN, 6mN, 4mN and 4mN, 
respectively. 
(h) The data are averaged from 10 indentation impressions.  
 
7.2 Effects of Depth of Discharge (DOD) on Reliability 
7.2.1 Electrochemical Characterization 
Among various cathode materials, LiMn2O4 has rapid electrochemical reactions, 
due to its three-dimensional cubic spinel structure facilitating the Li+ diffusion. 
Therefore, the capacity fading of LiMn2O4 cathode is very sensitive to the 
charge/discharge states, particularly to the depth of discharge (DOD) [159]. Figure 7.5 
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shows the first cycle discharge curve of LiMn2O4 thin film cathode at room 
temperature (~25°C). To investigate the effects of depth of discharge (DOD) on the 
mechanical failure of the LiMn2O4 thin film cathode, firstly, the battery cells are first 
charged/discharged between 3.5 and 4.3 V at constant current density of 10 μAcm-2 for 
9 cycles. During the 10th cycle, the cells are fully charged and then discharged to 
different potentials of 4.3 V, 4.13 V, 4.04 V, 3.95 V and 3.50 V, corresponding to 0%, 
25%, 50%, 75% and 100% DOD, respectively. After storage at the specific potential 
for 1 hour at room temperature, the thin film electrode is taken out of the cells and 
rinsed by acetone for various characterizations.  
 
 
Fig. 7.5 The first cycle discharge curve of LiMn2O4 thin film cathode. 
 
7.2.2 Surface Morphology 
Fig. 7.6 shows FESEM images of surface morphology of LiMn2O4 thin film 
cathodes taken at different DOD: (a) 0%; (b) 25%; (c) 50%; (d) 75%; (e) 100%. 
Compared to as-deposited LiMn2O4 thin film cathode in Fig. 6.3(e), the fully charge 
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thin film cathode (0% DOD) has rougher surface, consisting of large agglomerations of 
nano-grains with clear wide gaps between these agglomerates [indicated by white 
arrows in Fig. 7.6(a)]. As shown in Fig. 7.6(e), these large agglomerates almost 
disappear at 100% DOD. The fully discharge LiMn2O4 thin film cathode has smooth 
and uniform surface, which is approximately the same as that of the as-deposited film. 
Additionally, the grain shape and size remains almost unchanged up to 25%, 50% and 
75% DOD [Fig. 7.6(b) to 7.6(d)], the average grains size is about 60~80 nm, which is 
similar to those observed in the as-deposited LiMn2O4 thin film cathode. Besides the 
surface morphology, changes in surface roughness can be quantified using AFM 
measurements [Fig. 7.7(a)]. In comparison to the LiMn2O4 thin film cathode before 
cycling, the surface roughness increases from 5.54 ± 0.40 nm to 15.68 ± 2.85 nm for 
fully charged film (0% DOD), and decrease to 5.61 ± 1.03 nm for fully discharged film 
(100% DOD). The changes in surface roughness are in agreement with previous 
studies on LiCoO2 thin film cathode [242]. Furthermore, it is found that surface 
roughness of LiMn2O4 thin film cathode is also higher at 75% DOD, compared with 
those of 25% and 50% DOD samples. 
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Fig. 7.6 Ex-situ FESEM images of LiMn2O4 thin film cathodes taken at different DOD: 
(a) 0%; (b) 25%; (c) 50%; (d) 75%; (e) 100%. 
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Fig. 7.7 (a) Surface roughness measured by AFM; and (b) elastic modulus and 
hardness of LiMn2O4 thin film cathodes at different DOD.  
 
7.2.3 Nanomechanical Degradation 
As shown in Fig. 7.7(b), the measured elastic modulus and hardness of 
LiMn2O4 thin film cathode varies with the depth of discharge (DOD). To investigate 
the mechanical degradation of LiMn2O4 thin film cathode at different DOD, the 
lithiation state of non-equilibrium LixMn2O4 should be considered. At fully charged 
state upon Li+ de-intercalation (0% DOD), phase transformation from LiMn2O4 to 
λ-MnO2 (x = 0) leads to lattice parameter decrease and volume contraction, resulting 
in tensile stress into the film. Since brittle metal oxide is more sensitive to the tensile 
stress, the fragmentation and agglomeration of nano-grains are induced, as shown in 
Fig. 7.6(a). Additionally, the mechanical degradation is most significant at fully 
charged state (0% DOD). With the increase of DOD in the lower range (0.25 < x < 
0.55), Li+ are intercalated back into λ-MnO2 host structure, resulting in the volume 
expansion to relax the tensile stress. Thus, both elastic modulus and hardness increase 
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as the discharge process progresses (25% DOD and 50% DOD). However, at 75% 
DOD, there is an obvious mechanical degradation. According to previous studies [159, 
243], this phenomenon should be attributed to the structural anomaly of LixMn2O4 in 
composition range of 0.6 < x < 1, especially x = 0.75. The structural anomaly is related 
to the coexistence of two metastable phases (phase A and B) with the same cubic 
structure but different lattice constants: 8.216 Ǻ and 8.159 Ǻ in cubic (Fd3m) 
symmetry [243]. Considering the Li+ insertion from the surface towards to the bulk 
interior of spinel particle, non-equilibrium LixMn2O4 (x ≈ 0.75) is formed with the 
extensively lithiated surface (phase A), and poorly lithiated bulk interior of the particle 
(phase B). The metastable two-phase segregation in non-equilibrium state can lead to 
structural anomaly and lattice mismatch. Finally, at fully discharged state upon Li+ 
intercalation (100% DOD), stoichiometric spinel LiMn2O4 (x = 1) is formed with a 
lattice parameter increase, resulting in the compressive stress in the film. Under 
compressive stress, the mechanical degradation can be suppressed to some extent, and 
the fracture of nano-grains is more difficult. Therefore, the 100% DOD thin film 
cathode has almost similar surface morphology and mechanical response as that of the 
as-deposited film. Furthermore, as shown in the indentation P-h curves in Fig. 7.8, the 
mechanical response of the LiMn2O4 thin film cathode is also different for different 
DOD samples, as well as the onset of interfacial delamination (“pop-in” events).  
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Fig. 7.8 Indentation load-displacement curves of LiMn2O4 thin film cathodes at 
different DOD: (a) 0%; (b) 25%; (c) 50%; (d) 75%; (e) 100%. 
 
7.2.4 Interfacial Reliability 
Table 7.2 summarizes the average results of interfacial toughness LiMn2O4 thin 
film cathode at different depth of discharge (DOD), as well as key parameters for the 
calculation. Compared to the as-deposited LiMn2O4 thin film cathode, the degradation 
is more significant at 0% and 75% DOD. For the fully charged thin film (0% DOD), 
the decrease of interfacial toughness is 66.8%, corresponding to 63.1% decrease in 
elastic modulus. For 75% DOD thin film, the decrease of interfacial toughness is only 
43.6%, corresponding to 58.12% decrease in elastic modulus. As discussed before, 
although there is lattice mismatch related to two-phase separation for 75% DOD, 
tensile stress is relaxed upon Li+ insertion to some extent, slowing down the interfacial 
delamination.  
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Table 7.2: Average values of interfacial toughness and the key calculation parameters 






















0% 1.82 ± 0.08 0.065 ± 0.004 385.18 ± 20.69 5032.50 ± 465.17 0.215 ± 0.044 
25% 1.58 ± 0.11 0.064 ± 0.003 759.23 ± 19.87 11238.38 ± 1488.23 0.503 ± 0.029 
50% 1.09 ± 0.06 0.049 ± 0.002 1031.12 ± 30.74 7207.23 ± 512.93 0.549 ± 0.027 
75% 1.65 ± 0.05 0.068 ± 0.002 531.73 ± 29.35 6928.16 ± 453.83 0.365 ± 0.039 
100% 1.16 ± 0.04 0.057 ± 0.002 855.29 ± 34.10 22769.88 ± 1493.23 0.575 ± 0.046 
Notes:  
(a) The critical loads, P critical, for 0%, 25%, 50%, 75% and 100% DOD films are 4 mN, 
6 mN, 6 mN, 4 mN and 6 mN, respectively. 
(b) The data are averaged from 10 indentation impressions. 
 
7.3 Summary 
In this chapter, the effects of charge/discharge rate (current density) and depth 
of discharge (DOD) on the capacity fading and mechanical degradation of LiMn2O4 
thin film cathode have been investigated, respectively. Thus, This part of work acts as 
an important complement to previous studies in Section 6.1, providing a more 
comprehensive understanding on aging mechanisms of LiMn2O4 thin film cathode. 
The major conclusions are summarized as follows:  
(i) With the increase of charge/discharge current density, both capacity fading 
and mechanical degradation of LiMn2O4 thin film cathode accelerates. This 
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phenomenon is mainly attributed to larger mechanical stress induced by: (a) higher Li+ 
intercalation/de-intercalation rate; (b) enhanced inhomogeneous phase transformation 
(4 V Jahn-teller distortion); and (c) enhanced surface reaction between thin film 
electrode and the liquid electrolyte.  
 (ii) The mechanical degradation at different DOD mainly depends on the 
structural change of non-equilibrium LiMnxO4 thin film cathode. Due to tensile stress 
induced by volume contraction upon Li+ de-intercalation, the mechanical degradation 
is most significant at fully charged state (0% DOD). With the increase of DOD in the 
lower range (0.25 < x < 0.55), both elastic modulus and hardness increase as the tensile 
stress is relaxed as Li+ intercalation. However, at 75% DOD (0.6 < x < 1.0), the 
obvious mechanical degradation is mainly attributed to the structural anomaly and 
induced by two-phase phenomenon. At 100% DOD, equilibrium LiMn2O4 (x = 1) 
shows very less mechanical degradation compared to the as-deposited one.  
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Chapter 8. In-situ Electrochemical Study on All-Solid-State Thin 
Film Lithium Ion Batteries by Scanning Probe Microscopy 
 
The optimization of energy density and life time of lithium ion batteries 
requires a comprehensive study on the aging mechanisms from macroscopic to 
nanoscopic levels. In the past two decades, the Scanning Probe Microscopy (SPM) 
technique has emerged as a powerful tool for characterizing the multiple properties of 
functional materials at nanoscale. Therefore, this chapter presents explorative studies 
on the local aging mechanisms of lithium ion batteries, using various Scanning Probe 
Microscopy (SPM) techniques. For this purpose, a novel all-solid-state thin film 
lithium ion microbattery, consisting of TiO2 anode, LiPON solid electrolyte and 
LiNi1/3Co1/3Mn1/3O2 cathode, is selected as the test model. Firstly, the electrochemical 
functionality of the fabricated battery is verified in Section 8.1, followed by the in-situ 
SPM experimental setup in Section 8.2. Afterward, Biased Atomic Force Microscopy 
(biased-AFM) is applied to investigate the changes in surface topography, phase and 
volume induced using reversible bias (Section 8.3) [244]. Similarly, Kelvin Probe 
Force Microscopy (KPFM) is used to explore the surface electrical modification, such 
as the surface potential change in Section 8.4 [245]. Finally, in Section 8.5, a 
newly-developed SPM technique, band-excitation Electrochemical Strain Microscopy 
(ESM) is applied to obtain nanoscale mapping of Li+ diffusion and redistribution 
induced by tip bias.  
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Fig. 8.1 (a) The first cycle Galvanostatic charge/discharge curves; and (b) cycling 
performance of TiO2/LiPON/LiNi1/3Co1/3Mn1/3O2 full cell over 100 cycles. 
 
8.1 Electrochemical Characterization of All-Solid-State Thin Film Lithium Ion 
Batteries 
To evaluate the electrochemical performance of all-solid-state thin film lithium 
ion battery, a layer of Au film is deposited onto the anode as current collector. The first 
cycle charge/discharge curves of TiO2/LiPON/LiNi1/3Co1/3Mn1/3O2 full cell cycled 
between 0.0 and 3.0 V at room temperature is shown in Fig. 8.1(a). It can be observed 
that, although there are no very distinct plateaus, the charge/discharge curve exhibits a 
characteristic shape which depends on the potential plateaus of TiO2 (~1.75 V vs. 
Li/Li+) anode and LiNi1/3Co1/3Mn1/3O2 cathode (~3.70 V vs. Li/Li+). The cycling test 
is conducted with a discharge current density of 10 μAcm-2 and a charge current 
density of 5 μAcm-2. As shown in Fig. 8.1(b), the first discharge capacity is 36.33 
μAhcm-2μm-1, and slowly decreases with the increase of cycling number. After 100 
cycles, ~92% of its initial discharge capacity (33.35 μAhcm-2μm-1) is still maintained. 
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Thus, the fabricated TiO2/LiPON/LiNi1/3Co1/3Mn1/3O2 full cell exhibits fully 
electrochemical functionality, which can be used for in-situ SPM characterizations in 
the following sections.  
 
8.2 In-Situ Experimental Setup 
Figs. 8.2(a) and 8.2(b) show a schematic drawing of the in-situ SPM 
experimental set-up and the FIB cross-sectional image illustrating the layout of the thin 
film battery, respectively. It is well known that, due to different electrochemical 
potentials of lithium in two electrodes, Li+ diffusion from the cathode through the 
electrolyte into the anode is compensated by the transfer of electron from the anode to 
the cathode through the external circuit. In this study, an effective battery area (1×1 
μm2) covering the entire cathode/electrolyte/anode structure is scanned under ambient 
conditions while the Ti substrate is electrically connected to the SPM system, as shown 
in Fig. 8.2(a). To induce the cyclic Li+ diffusion, a series of biases is applied through 
the conductive tip in contact mode (dc-writing) using biased-AFM, followed by 
scanning the biased region using AFM and KPFM. The schematic of waveform cyclic 
voltage within ±3 V and SPM scanning interval are shown in Fig. 8.2(c). After each 
dc-writing, in-situ AFM scanning is performed in tapping mode to obtain topography, 
amplitude and phase images simultaneously, while in-situ KPFM scanning is 
conducted in non-contact mode to obtain surface potential mapping in dc offset (VDC = 
0 V), eliminating the influence of electrostatic forces. Details of the scanning 
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parameters are given in Section 3.6. In this study, since the bias is applied through the 
SPM tip scanning, the scan rate should be comparable to the diffusion time of Li+. 
Noted that the typical value of Li+ diffusion coefficient is within the range of 1×10-14 
to 1×10-12 m2s-1, the diffusion time of Li+ is between ~0.1 and 1 s if the SPM tip radius 
is between 10 and 100 nm [179]. Therefore, considering the tip radius (~30 nm) in this 
study, the scan rate of 1 Hz of dc-writing is enough to induce the Li+ diffusion. 
Additionally, the advantage of using the symmetrical voltage (±3 V) is to ensure that 
the total amount of Li+ diffusion within the battery is reversible and constant. 
 
 
Fig. 8.2 (a) Schematic of in-situ SPM measurement on active battery area (1×1 μm2), 
which is the overlapping portion of anode/electrolyte/cathode (indicated by white 
frame); (b) FIB cross-sectional image of thin film battery; (c) cyclic electrical field 
applied to the battery to probe Li-ion diffusion vs. SPM scan number. 
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8.3 Biased Atomic Force Microscopy 
Recently, several research groups have applied SPM techniques to investigate 
the local electrochemical functionalities of lithium ion batteries [11, 142, 246]. 
However, most of the previous studies were conducted using special SPM techniques, 
such as Electrochemical Atomic Force Microscopy (EC-AFM), Electrochemical 
Scanning Tunneling Microscopy (EC-STM) and Electrochemical Impedance 
Spectroscopy (EIS), or combining with external electrochemical attachments such as 
potentioastat [53, 111, 112, 119, 155, 156, 158-162, 247, 248]. In this study, we 
propose a new in-situ method using biased-AFM without any external attachment to 
induce Li+ diffusion within the battery, while monitoring the cyclic changes of 
topography, phase and volume of TiO2 thin film anode at nanoscale, providing a new 
insight on metal oxide as anode in lithium ion batteries.  
 
 Surface topography 
Figure 8.3 shows the results of in-situ AFM scanning on TiO2 thin film anode 
within an all-solid-state thin film lithium ion battery subjected to cyclic voltages. All 
images are captured continuously from the same location. However, a slight shift of the 
scanning area, which is still a major technical challenge, cannot be prevented due to the 
continuous monitoring using SPM. The left columns in Fig. 8.3 show typical 
topography images in height mode. The as-deposited TiO2 film consists of scale-shaped 
nano-grains with average grain size less than 30 nm [Fig. 8.3] After the first Li+ 
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insertion cycle (applying +3 V), the film surface has become flat since the nano-grains 
grow and expand almost in all directions with the grain boundaries contacting 
seamlessly [Fig. 8.3(b)], which is induced by Li+ migrating from LiNi1/3Co1/3Mn1/3O2 
cathode into TiO2 anode under the electric field. During the first Li+ extraction cycle 
(applying -3 V), shrinkage of the thin film can be observed evidently as Li+ is removed 
from the anode; and the gaps between the inter particles have become sharper [indicated 
by the black arrows in Figs. 8.3(c)]. As Li+ is inserted back into the thin film anode 
during the second Li+ insertion cycle, the TiO2 thin film expands along the original gap 
lines [Fig. 8.3(d)], followed by an obvious contraction during the second Li+ extraction 
cycle [Fig. 8.3(e)].  
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Fig. 8.3 In-situ AFM scanning images (1×1 μm2) of thin film anode within the 
microbattery polarized to cyclic potential. From left to right column: height images, 
amplitude images and phase images. (a) scan 1; (b) scan 2; (c) scan 4; (d) scan 6; and 
(e) scan 8.  
 
  Chapter 8 
151 
 
Fig. 8.4 In-situ 3D topography images of Fig. 8.3 (at the same location): (a) scan 1; (b) 
scan 2; (c) scan 4; and (d) scan 6.  
 
Fig. 8.4 shows 3D SPM images scanned from the same area as in Fig. 8.3. There 
is an evident topography change related to the expansion of thin film anode during the 
first Li+ insertion cycle; most of the boundaries and gaps between the particles have 
been filled up and closed, excepting a few deep gaps [Figs. 8.4(a) and 8.4(b)]. During 
the second cycle, the topographical changes are especially evident in the original 
particle gaps marked by black circles in Figs. 8.4(c) to 8.4(d), where the gaps are closed 
and reopened under the reversible electric field. The subsequent Li+ insertion/extraction 
cycles show similar topography changes, i.e., expansion/shrinkage of particle gaps or 
boundaries, which become smaller through lithiation and deeper through de-lithiation. 
This proves that the reversible morphology changes are not surface damage (such as the 
scratch made by SPM tip), but attributed to the cyclic Li+ diffusion. This 
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insertion/extraction behavior of Li+ is similar to the findings on graphite anode by 
Koltypin et al. [119]. Therefore, similar to traditional electrochemical measurements, 
the local cyclic biases applied through SPM tip can also induce analogous Li+ diffusion 
and morphology changes. Furthermore, to induce Li+ diffusion between anode and 
cathode reversibly, the amplitude of the cyclic voltage in this study (±3 V) is beyond the 
normal voltage range of typical lithium ion batteries. Thus, the same in-situ 
measurement is also conducted on single layer LiNi1/3Co1/3Mn1/3O2 cathode to verify 
whether the cathode film is damaged under such voltage. The results show that neither 
full battery nor cathode film shows any permanent damage, as both contact intensity 
and time of tip-induced bias are much lower than those used in traditional 
electrochemical measurements.  
 
 Bias-induced phase transformations 
Generally speaking, phase images not only provide clear observation of micro 
and nano surface structures which are invisible or barely visible in height images, but 
also reflect variations in compositions and other surface properties. However, the 
interpretation of phase image is complex and still a challenging issue, requiring 
fundamental understanding of multi-physics. The differences in compositions and 
adherence properties near the sample surface result in the variations of energy dissipated 
through the tip-sample interactions, leading to phase angle shift because of the 
difference between the free cantilever oscillating in air and the oscillation during 
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scanning [249-251]. Therefore, the contrast in phase image is mainly due to the 
variations in phase angle shifts. The darker regions represent smaller phase angle shift 
associated with higher energy dissipation, while the brighter regions represent larger 
phase angle shifts related to lower energy dissipation. In other words, the brighter 
regions correspond to the harder phases with higher surface stiffness or adhesion force, 
interacting more strongly with the SPM tip.  
Fig. 8.3 (right column) shows phase image evolution of TiO2 thin film anode 
under cyclic voltages. The scales are identical for all images as seen in the color bar at 
the bottom. For as-deposited TiO2 [Fig. 8.3(a)], there is no clear contrast in the phase 
image besides the brighter lines corresponding to the grain boundaries in topography. 
When cyclic voltages are applied, phase images show different features, indicating the 
occurrence of bias-induced phase transformations. When the battery is first polarized to 
+3 V, a new phase indicated by brighter colors (green) appears in the phase image, and 
mostly disappears when the battery is polarized to -3 V [Figs. 8.3(b) and 8.3(c)]. In 
addition, similar phase changes can be observed during the subsequent cycles. This 
result can be further supported by phase angle analysis. The phase angle distributions 
during the first cycle are plotted as histograms in Fig. 8.5(a). The mean value is 
determined by fitting the data using Gaussian function theory. There is only one 
remarkable peak for the as-deposited film with the mean phase angle of ~45°, 
corresponding to nanocrystalline TiO2 phase (red color bin). After the first Li+ 
insertion cycle (applying +3 V), the peak intensity of the main phase becomes lower 
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than that of the as-deposited film (green color bin); and a new phase has emerged at 
~131°, which is presumably attributed to the Li+ diffusion and electrochemical phase 
transformation. In contrast, the peak intensity of the new phase decreases significantly 
after the first Li+ extraction cycle (blue color bin).  
To further characterize the effects of Li+ diffusion on the phase changes of TiO2 
thin film anode, phase imaging of single layer TiO2 film under the same cyclic 
voltages is conducted for comparison. It is found that no new phase appears after TiO2 
film is polarized to +3 V, indicating that this new phase (~131°) is most likely 
corresponding to the product of electrochemical reaction involving Li+ insertion. After 
the quantitative data analysis, the angles of the main phase and the intensities of the 
new phase corresponding to the cyclic voltages are shown in Fig. 8.5(b). The trends for 
both main phase angle and new phase intensity are similar. For the single TiO2 film, 
the trend is different from that of TiO2 thin film anode within the battery; the phase 
angle only decreases during the first cycle and remains nearly unchanged in the 
subsequent cycles. Considering lithiation/de-lithiation processes induced by reversible 
electrical fields, the appearance/disappearance of the new phase should be related to 
the phase transitions from TiO2 to LixTiO2 and back to TiO2. Due to the intrinsic 
complexity of the phase image, the precise explanation for the relationship between 
phase angle shift and Li+ diffusion is still difficult to clarify; however, a possible 
explanation is the change of surface physical properties of TiO2 thin film anode due to 
Li+ insertion/extraction. It is noted that the phase angle shift is mainly due to the 
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difference in mechanical properties, such as surface hardness, elastic modulus, friction, 
and adhesion energy [251]. Therefore, compared to nanocrystalline TiO2, the new 
phase formed upon Li+ insertion has a larger phase angle (~131°); suggesting that the 
new phase has higher surface stiffness and larger adhesion force. Moreover, it is found 
that the bias-induced phase transition is not fully reversible. The main phase angle 
increases slightly from ~45° to ~58° after the first cycle, then further increases to ~62° 
after three cycles. One possible reason is that the local bias-induced phase 
transformation influences the composition and surface properties of the thin film anode. 
In addition, the charge trapping/de-trapping under different potential states also 
induces the phase angle shifts.  
 
 
Fig.8.5 (a) Distribution histogram of phase angles during the first cycle; (b) analysis of 
in-situ phase images: evolution of main phase angle and new phase intensity vs. SPM 
scan number. 
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Combining phase images and the corresponding amplitude images in Fig. 8.3, 
some remarkable phenomena can be found. The new phase regions (green) appeared in 
the phase images just corresponds to the “nano-spot” regions in the amplitude images 
[middle column in Figs. 8.3(b) and 8.3(d)]. Most of these “nano-spots” regions also 
appear/disappear reversibly under the cyclic electric field. However, when the battery is 
polarized to -3 V to extract Li+ out of the film, there is still a small amount of new phase 
remaining [green regions in Figs. 8.3(c) and 8.3(e)], indicating that some Li+ are 
irreversibly trapped within the thin film anode upon Li+ extraction. Fig. 8.6 shows the 
high magnification of “nano-spots” and the corresponding section lines in both phase 
and amplitude images. The section line profile in the phase image shows a similar 
track to that in the amplitude image; small phase peaks can be observed at grain 
boundaries, corresponding to the red lines in the phase images. The new phase (~131°) 
appears at the same position where a peak is also found in the amplitude section line, 
suggesting that the new phase region has a similar high value of amplitude where the 
strain is very high. The height and area of the “nano-spot” are found to be 
approximately 1~ 3 nm and ~1 nm2, respectively. While the exact explanations for 
these “nano-spots” are not immediately clear, they should be associated with the local 
movement of Li+ to a great extent. Combining the phase and amplitude images, it is also 
found that the “nano-spot” regions are not homogeneously distributed around the anode 
surface, indicating different Li+ concentrations induced by the electrical field. A 
previous study has suggested that Li+ diffusion through the anode is non-uniform, 
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including both preferred and hindered Li+ diffusion channels [178]. Thus, the presence 
of “nano-spots” around the anode surface may provide information on the distribution of 
Li+ diffusion paths at nanoscale if more evidence can be obtained in future. Furthermore, 
as shown in Fig. 8.3(e), the distribution of “nano-spots” upon Li+ extraction suggests 
that most irreversible Li+ is trapped within the grain boundary regions. Hence, grain 
boundaries play a significant role in the reversible Li+ diffusion during charge/discharge: 
firstly, the electrical field concentrations along grain boundaries are different from the 
areas within grains; secondly, the ionic mobility and charge/electron trapping are 
dissimilar within grain boundaries; thirdly, the irreversible trapping of Li+ upon 
discharging concentrates within the boundaries. Therefore, the grain size control of the 
electrode is crucial in the design and fabrication of lithium ion batteries.  
 
 
Fig. 8.6 (a) Magnification of “nano-spots” in amplitude image, and (b) phase image; (c) 
corresponding line section of amplitude and phase images at the same location. 
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 Cyclic volume change 
The left column in Figure 8.7(a) shows surface topography images during Li+ 
insertion/extraction cycles, where the center 1×1 μm2 squares in black frames are 
dc-writing regions. Scans 2 and 6 are measured as the battery is polarized to +3 V, 
while scans 4 and 8 are measured as the battery is fully polarized to -3 V. All of the line 
profiles are measured at exactly the same location on the TiO2 anode, indicated by the 
red lines in Fig. 8.7. These line profiles, which are in the direction perpendicular to the 
particle gaps, show nanoscale changes in the relative depth between two particles very 
clearly. Therefore, the changes in volume of thin film anodes are more straightforward 
and understandable. As a result, there is no distinct difference between the two images 
subjected to positive bias (Scans 2 and 6); one gap between the particles appears in the 
center (~1.5 μm in length scale). On the other hand, the line profiles after negative 
polarization (Scans 4 and 8) are also nearly the same. However, compared to the line 
profiles after positive polarization, one new particle gap appears at the position ~1.8 
μm in the length scale marked by the red arrow in Fig. 8.7(a) (Scans 4 and 8), 
indicating the contraction of thin film anodes upon Li+ extraction induced by negative 
polarization. It is suggested that the Li+ extraction process (applying -3 V) can create 
and deepen the gaps between particles, and Li+ insertion process (applying +3 V) can 
fill up these gaps reversibly. Furthermore, the volume change in thin film anodes can 
be obtained by quantitatively analyzing the line section profiles from in-situ SPM 
measurements. Surface roughness, a typical parameter to quantify the surface 
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topography, is directly measured using the roughness-analysis tool in SPM software 
and represented by root-mean-squared roughness (RMS). To determine the volume 
changes in the thin film anode, it is necessary to calculate the changes of height and 
area in the fixed region. It is also important that the selected area should be the same 
for all analyzed images. However, due to the complex surface structure of the thin film 
anode, it is not possible to get a reliable and accurate measurement of the area in the 
fixed region. Therefore, in this study, the volume of the thin film anode is calculated 
from the measured height and length of the thin film along the section line, as the 
width of line is approximately assumed to be unit length. To measure the height 
changes exactly, the height positions of points in the non-polarized area (outside 1×1 
μm2) are used as the reference coordinates. In this case, each line section can be fitted 
to the same plane in the vertical axis. The average height is obtained by calculating the 
distance from each point in the line to the reference plane. In a similar way, the 
average length of the line is calculated by finding two intersections between the line 
and the reference dotted lines [Fig. 8.7(a)]. 
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Fig. 8.7 (a) SPM images (3×3 μm2) and line sections of thin film anode in the selected 
thin film Li-ion microbattery at the same location, polarized to cyclic potential; (b) 
analysis of in-situ SPM experimental results: percentage changes in surface roughness 
(RMS), length, height, and volume vs. SPM scan number.  
 
Figure 8.7(b) shows the evolution of surface roughness, average length, height 
and volume of the TiO2 thin film anode under the cyclic voltages. The voltage vs. SPM 
scan number curve at the bottom is described as three Li+ insertion/extraction cycles. 
During the first cycle, surface roughness measured in the polarized area decrease from 
13.97 nm to 10.55 nm after the thin film anode is polarized to +3 V (scan 2), and then 
increases to 15.18 nm after the film is polarized to -3 V (scan 4). In subsequent cycles, 
the RMS roughness decreases upon Li+ insertion into the thin film anode and increases 
upon Li+ extraction. This phenomenon agrees well with the observation from the 
topography, indicating that the film has become flat since it expands in all directions 
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with the particle gaps being filled and closed after positive polarization. Fig. 8.7(b) 
also shows the percentage changes in the length, height and volume of the thin film 
anode. There is an average change in length of ~106% as Li+ is inserted into the film 
(+3 V) and ~99% as Li+ is removed from the film (-3 V), indicating small changes in 
the length direction. There are two possible reasons for such observations: firstly, the 
adhesion between the film and the substrate is sufficient; secondly, the holes and gaps 
between the particles can accommodate most of the film expansion in the horizontal 
direction (both length and width). Moreover, it is also proved that the assumption of 
the width to be unit length has insignificant effects on the calculation results of volume 
change. Therefore, TiO2 thin film anode mainly expands vertically by increasing the 
height, as the height change is very significant for TiO2 thin film anode: almost ~470% 
during the first Li+ insertion cycle. After the bias is reversed to -3 V (scan 4), the 
height change only decreases to approximately ~270%, indicating that the thin film 
anode cannot return to its initial volume after the first Li+ extraction cycle. In 
subsequent cycles, the film shows average height change of approximately ~110% as 
Li+ is inserted into the film and ~89% as Li+ is extracted from the film (reference to 
the height of scan 5). As shown in the top two graphs in Fig. 8.7(b), the trend of 
volume change is similar to that of the height change. Due to the permanent trapping 
of Li+, both height and volume changes of TiO2 thin film anode show increasing trends 
during the subsequent cycles, although the percentage increases in the height and 
volume become smaller and more reversible than those in the first cycle.  
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8.4 Kelvin Probe Force Microscopy 
Current efforts to study the aging mechanisms of lithium ion batteries mainly 
focus on the relationship between microstructure, morphology and electrochemical 
performance. Studies on surface electrical properties, such as surface contact potential 
and charge distribution, can give new insights into the aging mechanisms of lithium 
ion batteries. KPFM technique has been widely used to investigate the local electrical 
properties in various functional materials, such as semiconductors, multi-ferroelectrics 
and organic materials [167-171]; however, its application in lithium ion batteries is 
very limited, only one ex-situ study on LiFePO4 cathode in cylindrical battery [252]. 
Therefore, in this study, we combine biased-AFM and KPFM techniques to in-situ 
observe the bias-induced surface potential change on TiO2 thin film anode within 
all-solid-state lithium ion battery.  
 
 Bias dependence of surface potential 
In general, surface potential is attributed to several physical phenomena 
depending on the natures of electrical conductivity. When insulators are measured by 
KPFM, charges cannot flow from the sample to the tip, thus, surface potential reflects 
the surface charge distribution in real space. However, for conductive samples such as 
metals, since charges in the samples can flow freely to the tip, surface potential reflects 
the local work function difference between the sample and the tip. For most inorganic 
semiconductors, such as TiO2 in this study, surface potential should be interpreted by 
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both Fermi energy level shift and charge trapping effect [170]. Due to the well-known 
space-charge-layer (SCL) near the semiconductor surface, surface charge screening 
phenomenon significantly affects the local electrostatic properties on the metal oxide 
interface, during which the positive (negative) charges rearrange themselves around 
the negative (positive) charges to minimize the total electrostatic energy. In the 
non-contact mode KPFM technique, absorbent charges from the ambient also influence 
the surface potential distribution on the surface [113, 176, 253].  
 
 
Fig. 8.8 Distribution histograms of surface potential for (a) TiO2 anode in full battery; 
and (b) single layer TiO2 film during the first positive/negative polarization cycle;  
 
In this work, the surface potential distributions of TiO2 thin film anode during 
the first Li+ insertion/extraction cycle are plotted as histograms in Fig. 8.8(a). The 
distribution histograms for a single layer TiO2 under the same biased condition is also 
shown in Fig. 8.8(b) for comparison. A normal probability distribution function as 
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Gaussian function is used for the data fitting to obtain the mean values of surface 
potential in the scanned area, indicated by color lines. For the single layer TiO2, the 
as-deposited film has a surface potential of ~+0.12 V. This positive surface potential is 
most probably due to the dominance of positive dipole in the as-deposited state, 
depending on the dipole orientation. Since the experiments were conducted in ambient 
conditions, surface potential is also partially due to the screen charges arising from the 
internal charge and absorbent charges from the ambient [113, 254]. Furthermore, 
surface potential increases after the positive polarization and decreases after the 
negative polarization [Fig. 8.8(b)]. It is noted that, under the biased conditions, 
measured surface potential reflects the charge compensation between the oriented 
dipole charges and the surface screen charges. Considering the charge trapping model 
of semiconductor, when an electrical field (±3 V) is applied to the film, the screen 
charges, which include the internal charges, the injected charges from the conductive 
tip, and the ambient charges of absorbents, are transported onto the film surface to 
compensate the bound charges of the intrinsic oriented dipole. Since a positive surface 
potential (~+0.55 V) is measured after the positive polarization and a negative surface 
potential (~-0.48 V) is measured after the negative polarization, the sign of surface 
potential corresponds to the sign of the screen charges. It is indicated that, for single 
layer TiO2, the screen charges are dominant over the dipole charges under the biased 
conditions.  
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Fig. 8.9 (a) Schematic of electronic band structure of TiO2 semiconductor; (b) 
Schematic energy band diagrams for single layer TiO2; and (c) TiO2 thin film anode 
within the battery. (Ev: vacuum level; Ef: Fermi energy level; Φsample: work function of 
sample and Φtip: work function of tip)  
 
However, due to the bias-induced Li+ diffusion and electrochemical reactions, 
TiO2 thin film anode within the full battery shows different phenomena: (i) the 
as-deposited TiO2 thin film anode shows a negative surface potential of ~-0.69 V, 
which is significantly lower than that of the single layer TiO2; (ii) although the surface 
potential increases after the positive polarization and decreases after the negative 
polarization, the increment of surface potential (+0.50 V) by a positive bias is much 
larger than the reduction of surface potential (-0.16 V) by a negative bias [Fig. 8.8(a)]. 
To explan these phenomena, it is necessary to understand the mechanism of Fermi 
level shift. Fig. 8.9 shows the schematic diagram of electronic band structure and 
Fermi energy level shift of TiO2, which is an important wide-band-gap semiconductor. 
The stoichiometric TiO2 has a gap of about 3.0 eV [255]. Upon electrical connected 
between the sample and the tip during the KPFM measurement, Fermi energy levels 
are aligned through the electron flow forming an electrostatic contact potential 
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difference (VCPD) between the sample and the tip, which is equal to the surface 
potential measured by KPFM. Considering the battery behavior of lithium ion batteries, 
when positive voltage is applied to the anode as the substrate is grounded, Li+ can 
diffuse from the cathode through the electrolyte into TiO2 anode to form LixTiO2. As 
discussed in detail in Section 5.2. Therefore, the bias-induced phase transformation can 
affect the surface potential change significantly.  
It is found that, in the as-deposited state, single layer TiO2 film has a positive 
surface potential while TiO2 thin film anode within the battery has a negative surface 
potential [Fig. 8.8]. This may be due to the downward shifting of Fermi energy level 
associated with the bias-induced Li+ trapping and related electrochemical reaction. It 
should be noted that, during KPFM measurements, an AC voltage (+3 V) is applied 
through the conductive SPM tip to induce an electrostatic force. Therefore, for TiO2 
thin film anode in the battery structure, Li+ diffusion and intercalation into TiO2 anode 
induced by AC voltage cannot be avoided, even though there is no Li+ contained in 
as-deposited TiO2 thin film. In this case, the Li-intercalated TiO2 phase (LixTiO2) has a 
different work function compared to that of the as-deposited TiO2 phase. In addition, 
Li+ can trap electrons which are dominant charge carriers in n-type semiconductors, 
such as TiO2 used in this work. Therefore, as shown in Fig. 8.9(c), both LixTiO2 
formation and Li+ trapping shift the Fermi energy level downward distinctly compared 
to that of the single layer TiO2 without Li+, hence forming a negative surface potential.  
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In general, due to the effects of the humidity layer absorption and the 
miscellaneous charges during the cantilever-sample interactions, absolute surface 
potential value measured in ambient conditions are not reproduced quantitatively [256]. 
Furthermore, the multilayer structure (LiPON/LiNi1/3Co1/3Mn1/3O2) below TiO2 thin 
film within the battery may also influence the absolute value of surface potential 
during KPFM measurements. Therefore, to quantify the surface potential change 
accurately, the amplitude of the increment/reduction of surface potential is discussed, 
rather than the absolute values. As a result, Fig. 8.10(a) shows the surface potential 
shift corresponding to the cyclic bias voltages, as the potential value of as-deposited 
TiO2 thin film is set as zero for comparison and analysis. For both single layer TiO2 
and TiO2 thin film anode within the battery, positive (negative) surface potential is 
induced by the positive (negative) polarization, which is related to the upward 
(downward) shifting of Fermi level under the biasing. For the single layer TiO2 [Fig. 
8.8(b)], both positive and negative polarization result in almost equivalent 
increment/reduction in surface potential during the first cycle, indicating that amounts 
of positive and negative screening charges are similar. Although the negative 
polarization induces a slightly larger reduction (-0.60 V) compared with the increment 
of surface potential after the positive polarization (+0.43 V), which may be attributed 
to the absorption of a thin humidity layer from the ambient [257]. However, for TiO2 
thin film anode within the battery, the reduction of surface potential after the negative 
polarization is much smaller than the increment of surface potential after the positive 
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polarization. Note that trapping of charge carriers needs the presence of trapping sites, 
in this case, if there are enough trapping sites for the negative charges, the surface 
potential after the negative polarization should be decreased to ~-0.5 V. However, 
under the negative polarization, LixTiO2 phase transforms back to TiO2 accompanying 
with the extraction of Li+. Therefore, the phenomenon can be rationalized by the less 
negative charge trapping sites compared to the positive one under the influence of Li+.  
 
 
Fig. 8.10 (a) Potential shift vs. SPM scan number for both TiO2 anode film and single 
layer TiO2 film; (b) Surface potential loops of TiO2 anode film obtained under the 
reversible electrical field. 
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Fig. 8.10(b) shows that surface potential hysteresis loop can be formed for TiO2 
thin film anode, where surface potential increases by a positive bias and decreases by a 
negative bias. However, since the magnitude of the increment/reduction of the surface 
potential increase with the increase of cycling number, as shown in Fig. 8.10(a), the 
same measurements cannot form consistent hysteresis loops for single layer TiO2. 
Therefore, the hysteresis behavior of surface potential is most likely due to the Li+ 
intercalation/de-intercalation processes and charge trapping effect in TiO2 anode. 
However, it is difficult to determine which effect is more dominant, requiring further 
studies in future. It is noted that Li+ insertion/extraction is not fully reversible during 
the initial cycle; some Li+ are trapped into the TiO2 thin film anode permanently, 
affecting the charge trapping states under the biased conditions. For TiO2 thin film 
anode, the hysteresis loops of surface potential slightly decrease after the polarization 
cycles. The absolute value of surface potential decreases from -0.70 V in the 
as-deposited state to -0.85 V after three cycles. This decrease of surface potential in 
cycled TiO2 thin film anode is the indication of surface electrical property modification 
involving Li+ insertion/extraction. To a certain extent, surface potential can represent 
the contact electric resistance. Hence the as-deposited TiO2 thin film anode with a 
higher surface potential has a better charge sustaining capacity compared to that of the 
cycled film. This result is similar to the findings on bulk LiFePO4 cathode in 
cylindrical lithium ion battery [252]. In that work, an aged LiFePO4 sample reached to 
the end of life (EOL) had a lower surface potential compared to that of the unaged one. 
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Generally speaking, this surface aging phenomenon is mainly attributed to the 
electrochemical phase transformation upon Li+ intercalation/de-intercalation induced 
by the electrical field. However, surface potential changes occur due to the interactions 
of various factors, such as phase transformation, morphology change, surface film 
formation related to battery behavior, Fermi level shift as well as the surface charge 
screening related to semiconductor behavior. The detailed mechanism of surface 
electrical property modifications for electrode materials needs further in-depth studies.  
 
 Surface potential mapping and grain boundary effects 
Figure 8.11 shows surface topographical images and the corresponding surface 
potential maps of TiO2 thin film anode within all-solid-state thin film lithium ion 
battery under different bias; line sections of both height and potential profiles are also 
presented for comparison. All images are captured from the same location. From 
topographic images of TiO2 thin film anode [Figs. 8.11(a) and 8.11(d)], surface 
morphology change induced by Li+ insertion/extraction can be observed clearly, which 
has been discussed in detail in Section 8.3. For TiO2 thin film anode after the positive 
polarization, Fig. 8.11(b) shows the corresponding surface potential images, the color 
contrast indicates that the surface potential distribution is non-uniform since the grain 
boundaries and gaps are much brighter than that of the interior regions. Fig. 8.11(c) 
shows line sectional profiles in the Figs. 8.11(a) and 8.11(b); it is clear that the surface 
potential shows a close inverse track of its surface topography, as higher surface 
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potential barriers are observed clearly at grain boundaries/gaps. The surface potential 
barrier heights vary from 5 to 20 mV corresponding to the depths of grain boundaries 
varying from 10 to 40 nm. However, as shown in Figs. 8.11(d) to 8.11(f), TiO2 thin 
film anode after the negative polarization shows a converse phenomenon. The surface 
potential shows an almost same track of its surface topography as most of lower 
surface potential pits are observable at grain boundaries. The depths of surface 
potential pits vary from 5 to 10 mV corresponding to the depths of grain boundaries 
ranging from 20 to 60 nm. These phenomena are mainly attributed to the local band 
bending of Fermi energy level associated with the different electrical properties of 
grain boundaries [258]. Considering the diagram of Fermi energy level shift of TiO2 
shown in Fig. 8.9(c), higher (lower) surface potential indicates the upward (downward) 
shifting of Fermi energy level. When an electrical field is applied to the thin film, 
charges emitted from the conductive tip can be transferred to the surface, thus charge 
trapping occurs. When positive bias voltage (+3 V) is applied [Figs. 8.11(a) to 8.11(c)], 
the brighter grain boundaries with higher surface potential indicate that the Fermi 
energy level locally bend upward following the valence band and the conduction band 
at the grain boundaries. For n-type TiO2 semiconductor, grain boundaries can introduce 
electron trapping states within the band gap, which are capable of trapping more 
positive charges and creating surface potential barriers at grain boundaries [170]. 
When negative bias voltage (-3 V) is applied [Figs. 8.11(d) to 8.11(f)], the surface 
potential drop at grain boundaries is an indication of negative charges trapping, which 
  Chapter 8 
172 
is related to the local downward bending of Fermi energy level. In summary, the 
non-uniformity of surface potential distribution after positive/negative polarization for 
TiO2 thin film anode is mainly attributed to the different electrical properties and 
charge accumulation at the grain boundaries.  
 
 
Fig. 8.11 (a) Topographic image (1×1 μm2) of TiO2 anode film after the positive 
polarization (+3 V); (b) Corresponding surface potential mapping; (c) Line section 
images in (a) and (b); (d), (e), (f) are topographic, surface potential, and line section 
images of TiO2 anode film after the negative polarization (-3 V), respectively. 
 
8.5 Electrochemical Strain Microscopy 
Recent studies have shown that, apart from electrochemical issues, such as the 
increase in impedance, the underling aging phenomena of lithium ion batteries are 
attributed to the strains induced by molar volume change upon Li+ insertion/extraction. 
Therefore, a novel SPM method, electrochemical strain microscopy (ESM), has been 
recently developed by Oak Ridge National Laboratory to probe Li+ diffusion and 
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electrochemical reactivity in battery materials at nanoscale [68, 177, 180]. Note that 
the operation principle of ESM is very similar to Piezoresponse Force Microscopy 
(PFM), with the only difference being the mechanism of bias-induced strain. The 
mechanical strain is induced by local piezoelectric response and ionic diffusion for 
PFM and ESM, respectively. In the ESM approach, the biased SPM tip can concentrate 
an electrical field within the battery material to induce Li+ diffusion and redistribution, 
resulting in the oscillatory surface displacement. The amplitude of oscillatory 
displacement is directly related to the change in Li+ concentration upon the electrical 
contact with the biased tip (VAC), which is detected as the electrochemical strain using 
a lock-in technique. For the novel all-solid-state thin film battery 
(TiO2/LiPON/LiNi1/3Co1/3Mn1/3O2) in this study, nanoscale mapping of 
electrochemical strain related to Li+ diffusion can give new insights into the aging 
mechanisms of lithium ion battery, especially the roles of structural defects and 
heterogeneities.  
In this study, ESM measurements are conducted on SPM equipped with a 
commercial Matlab/LabView-based band-excitation (BE) control and data acquisition 
system. The operation parameters are given in detail in Section 3.6.3. The band 
excitation method is used for the enhancement of ESM signal on contact resonance 
frequency (Appendix). It is noted that the enhanced ESM signal is a direct result of the 
changes in Li+ concentration, which are induced by both Li+ migration (field driven) 
and Li+ diffusion (concentration driven) during Li+ insertion/extraction process [178]. 
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Through the BE-ESM technique, the strain mapping of both cathode and anode in thin 
film lithium ion battery are obtained. 
 
 Strain mapping on LiNi1/3Co1/3Mn1/3O2 thin film cathode 
The high-resolution topographical image in Fig. 8.12(a) shows that 
polycrystalline LiNi1/3Co1/3Mn1/3O2 thin film cathode consists of columnar grains with 
an average grain size of ~100 nm. The surface roughness is around 12 nm in terms of 
RMS, due to the presence of deep cavities and boundaries between grains. Figure 
8.12(b) to (d) shows BE-ESM mapping of LiNi1/3Co1/3Mn1/3O2 surface; all parameters 
are extracted at each point of 128 × 128 point-grid by fitting the response curves using 
the simple harmonic oscillator (SHO) method [259]. The spatial distribution of contact 
resonance frequency is shown in Fig. 8.12(c), indicating grain-like features 
corresponding to the surface topography. The resonance frequency mapping, which is 
determined by the mechanical response of tip-sample interactions, provides important 
information on the changes in surface elastic properties with different topography. It is 
observed that the resonance frequency increases at topographical depressions (~295 
kHz) due to the enlarged tip-sample contact area, e.g., grain boundaries or cavities, and 
decreases at certain areas within grains adjacent to the boundaries (~280 kHz). In 
addition, the variation of contact resonance frequency between different topography is 
as large as 10-15 kHz, which affects the amplitude mapping significantly.  
Correspondingly, ESM amplitude and phase image on resonance frequency are 
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also shown in Fig. 8.12. Nano features less than 10 nm can be observed clearly, 
proving the high resolution of this method. As shown in Fig. 8.12(b), the amplitude of 
surface displacement on resonance frequency is large at grain boundaries and cavities, 
and small inside the grains, indicating strong variations of electrochemical reactivity. It 
is noted that the measured amplitude, so-called electrochemical strain, originates from 
the molar volume change and surface deformation of the electrode material caused by 
bias-induced Li+ diffusion and redistribution. As a result, the distribution of 
electrochemical strain, which is not homogenous around the cathode surface, can 
provide information on the changes in Li+ concentration at nanoscale. In addition, the 
variations of electrochemical strain across grain and grain boundaries indicate that 
there is a relationship between Li+ diffusion paths and the microstructure of the 
electrode. Furthermore, the ESM phase image [Fig. 8.12(d)] also shows obvious 
variability around the cathode surface, which is mainly due to the variations of phase 
angle shift. It is noted that the differences in composition and adhesion properties on 
sample surface can result in various energy dissipations through the tip-sample 
interactions, leading to the phase angle shift from free cantilever oscillating in air. 
Therefore, the dark region with high phase angle (~120°) concentrates at certain grain 
boundaries, indicating larger phase angle shift and lower energy dissipation, which is 
associated with high stiffness or large adhesion force. On top of this, there is a 
corresponding relation between the resonance frequency and phase images [Fig. 8.12 
(c) and 8.12(d)], both of which are closely related to surface elasticity of the thin film.  
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Fig. 8.12 (a) Surface topography of the LiNi1/3Co1/3Mn1/3O2 cathode surface; (b) band- 
excitation ESM amplitude on resonance frequency; (c) contact resonance frequency 
image; and (d) phase image on resonance frequency.   
 
 Strain mapping on TiO2 thin film anode within battery 
Following the strain mapping on LiNi1/3Co1/3Mn1/3O2 thin film cathode, a 
similar method is applied to the TiO2 thin film anode within the all-solid-state lithium 
ion battery. As shown in surface topography [Fig. 8.13(a)], nanocrystalline TiO2 thin 
film anode consists of close-packed nano-grains with an average grain size of less than 
~30 nm. The surface is very smooth and uniform, due to the low deposition 
temperature. Fig. 8.13(c) shows the spatial distribution of BE-ESM resonance 
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frequency, indicating nano grain-like features corresponding to the surface topography. 
Due to the very small grain size, it is difficult to confirm the grain boundary effect on 
resonance frequency for TiO2. However, some obvious variations of contact resonance 
frequency at certain deep cavities and holes between the grains (~284 kHz) can be 
observed. The corresponding BE-ESM amplitude and phase images are shown in Fig. 
8.13(b) and 8.13(d), respectively. As shown in the ESM amplitude image, the 
electrochemical reactivity exhibits small variability across grain boundaries, but with 
maxima at deep cavities and holes. The results clearly indicate that the enhanced Li+ 
diffusion concentrates at structural heterogeneities and local surface defects on the 
TiO2 thin film anode, which is topographical field enhancement. In addition, 
comparing to LiNi1/3Co1/3Mn1/3O2 cathode, ESM phase image of TiO2 anode within 
lithium ion battery cannot provide useful information due to the high level of noisy. 
This phenomenon may be associated with the occurrence of a bias-induced phase 
transformation involving Li+, which affects the phase angle shift significantly.  
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Fig. 8.13 (a) Surface topography of the TiO2 anode surface within the battery; (b) 
band-excitation ESM amplitude; (c) resonance frequency image; and (d) phase image 
on resonance frequency.  
 
8.6 Summary 
In this chapter, various SPM techniques have been applied to investigate the 
local aging mechanisms in a novel all-solid-state thin film lithium ion battery 
(TiO2/LiPON/LiNi1/3Co1/3Mn1/3O2). Combining in-situ biased-AFM and KPFM 
techniques, changes in topography, phase, volume as well as surface electrical 
properties of TiO2 thin film anode have been investigated. In addition, using a new 
developed SPM technique, band-excitation ESM, nanoscale mapping of Li+ diffusion 
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on both LiNi1/3Co1/3Mn1/3O2 cathode and TiO2 anode within full battery has been 
obtained. The major conclusions are summarized as follows:  
(i) All-solid-state thin film lithium ion batteries have been extensively studied; 
however, most of previous studies focused on the fabrication and characterization of 
thin film battery with lithium metal as anode. In this study, a novel all-solid-state thin 
film battery (TiO2/LiPON/LiNi1/3Co1/3Mn1/3O2) has been fabricated successfully using 
magnetron sputtering technique, exhibiting good electrochemical functionality as high 
reversible capacity and excellent cycling performance.  
(ii) Using biased-AFM technique without external electrochemical attachment, 
nanoscale cyclic changes of surface topography, phase and volume of TiO2 anode 
within all-solid-state thin film battery induced by local electric field have been 
observed. These changes are analogous to what observed in traditional EC-AFM 
studies, suggesting that local cyclic voltage can be used to model charge/discharge 
process of lithium ion batteries. In addition, combining simultaneous phase and 
amplitude images, high resolution mapping of “nano-spots”, which are most likely 
related to Li+ redistribution, is obtained, providing instructive information on the 
distribution of preferred Li+ diffusion paths in a real all-solid-state lithium ion battery.  
 (iii) Combining biased-AFM and KPFM measurements, we have observed the 
surface potential changes on TiO2 thin film anode within the battery induced by 
reversible electrical field. With the single layer TiO2 as the reference, the contributions 
to the surface potential change include Fermi level shift and charge screening related to 
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semiconductor behavior; and bias-induced Li+ insertion/extraction related to battery 
behavior. Moreover, surface potential hysteresis loop can be formed where the 
potential value increases under a positive bias and decreases under a negative bias. 
After Li+ insertion/extraction cycles, the slightly decrease of surface potential 
indicates the decrease of charge sustaining capacity and surface electrical degradation 
of thin film anode. Furthermore, surface potential barriers (pits) appeared at grain 
boundaries under positive (negative) polarization have been observed, due to different 
electrical properties and charge accumulation at grain boundaries.  
(iv) Using band-excitation ESM technique, variations in electrochemical strain 
(displacement amplitude) induced by molar volume change and surface deformation 
have been observed evidently, indicating the distribution of Li+ diffusion and 
intercalation paths at topographical features (grains/boundaries/cavities). This new 
SPM method, which allows real space mapping of Li+ diffusivity at high spatial 
resolution, can establish the relationship between Li+ diffusion and microstructure of 
electrode materials, improving the understanding of electrochemical mechanisms 
underpinning the lithium ion battery operation.  
In summary, these preliminary studies using various SPM techniques are proved 
to be powerful to in-situ characterize the local electrochemical phenomena in 
all-solid-state thin film lithium ion batteries, offering a unique perspective to 
investigate the aging mechanisms on nanometer scales.  
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Chapter 9. Conclusions and Recommendations 
 
9.1. General Conclusions 
The main objective of this PhD study is to investigate the interfacial reliability 
and related aging mechanisms of thin film electrodes for lithium ion batteries. To the 
best of our knowledge, this is the first study to correlate the capacity fading of lithium 
ion batteries with the degradation of interfacial reliability as well as mechanical 
behavior, thus providing new perspectives into the aging studies of lithium ion 
batteries. Besides, explorative studies using various Scanning Probe Microscopy (SPM) 
techniques were also conducted to in-situ characterize the local aging mechanisms of 
all-solid-state thin film lithium ion batteries, obtaining very promising results for 
future studies. Overall, this study can be divided into four main stages; the major 
contributions for each stage are summarized below:  
1. Stage 1 of this study was mainly focused on the material preparation. 
Through the optimization of sputtering parameters, thin film electrodes with different 
structures, such as rutile RuO2, anatase TiO2, spinel LiMn2O4 and layered 
LiNi1/3Co1/3Mn1/3O2, were deposited on Ti substrate using magnetron sputtering 
technique. Furthermore, combining the synthesis of solid-inorganic electrolyte 
(LiPON), a novel kind of all-solid-state thin film lithium ion microbattery 
(TiO2/LiPON/LiNi1/3Co1/3Mn1/3O2) was fabricated successfully though multilayer 
deposition.  
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2. The primary objective of stage 2 was to establish a practical method to 
quantitatively measure the interfacial adhesion of thin film electrodes. For this purpose, 
a straightforward nanoindentation experiment and analysis methodology, originally 
developed to characterize the interfacial adhesion of soft low-k film in semiconductor 
devices, was extended to thin film electrode (hard metal oxide). This extension 
involves some modifications to the previous analysis model. To evaluate the feasibility 
and reliability of experimental and analysis method, three indenter tips (90° wedge, 
120° wedge and conical tip) were used for the comparison and self-assess. Results 
show that the interfacial toughness determined from different indenter tips are 
approximately the same, confirming the reliability of the developed method. In 
addition, comparative analyses between different indentation tests, involving 
load-displacement (P-h) curves and the initiation/propagation of interface cracks, were 
also conducted. As a result, a comprehensive understanding of the interfacial 
delamination process of thin film electrode was obtained. This part of work has laid the 
foundations for the subsequent studies.  
3. During stage 3 of this study, attempts were made to correlate the capacity 
fading with the changes in surface morphology, mechanical properties and interfacial 
adhesion of thin film electrodes, using a combination of various experimental 
techniques. Among these changes, interfacial adhesion of thin film electrode was 
quantified using the wedge indentation method developed in stage 2. Due to different 
electrochemical functionalities, thin film anodes and cathodes have been investigated 
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separately in this study. For anode materials, the electrochemical mechanism of rutile 
RuO2 and anatase TiO2 is based on “conversion reaction” and “Li+ 
intercalation/de-intercalation”, respectively. Therefore, the aging phenomenon in RuO2 
differs from that in TiO2. The former one shows more significant degradation in 
surface morphology, mechanical behavior and interfacial reliability due to larger 
volume change upon conversion reactions. For cathode materials with different crystal 
structures, aging phenomena are also different. For the LiMn2O4 thin film cathode, the 
mechanical degradation is mainly attributed to the structural change such as lattice 
parameter change and inhomogeneous phase transformation. In contrast, for the 
LiNi1/3Co1/3Mn1/3O4 thin film cathode with relatively good structural stability, the 
aging phenomenon is most likely associated with the surface topography change 
induced by the self-agglomeration and isolation of nano-grains. Comparatively 
speaking, morphology changes in the LiNi1/3Co1/3Mn1/3O4 thin film cathode may have 
more significant effects on the capacity fading as well as the mechanical degradation.  
In addition to the effect of cycling number, lithium ion battery aging also 
depends on the charge/discharge rate and depth of discharge (DOD). To clarify these 
two effects, spinel LiMn2O4 thin film cathode was selected as a test system. Results 
indicate that high charge/discharge rate can exacerbate the capacity fading, as well as 
the degradation in surface morphology, mechanical properties and interfacial reliability. 
It is due to the fact that high current density can result in large accumulation of Li+ on 
the cathode surface, enhancing the inhomogeneous structural variations and surface 
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reactions between electrode and liquid electrolyte. In addition, the effects of depth of 
discharge (DOD) on mechanical degradation can be explained by the structural change 
of LiMnxO4 under non-equilibrium states. The significant mechanical degradation at 0% 
and 75% DOD is attributed to the tensile stress induced by fully Li+ de-intercalation, 
and structural anomaly due to two-phase separation, respectively.  
4. The final stage of this research covered explorative studies on all-solid-state 
thin film lithium ion microbattery (TiO2/LiPON/LiNi1/3Co1/3Mn1/3O2) using a 
combination of various SPM techniques. Firstly, using Biased Atomic Force 
Microscopy (biased-AFM) without external electrochemical attachment, cyclic 
changes in morphology, phase and volume of TiO2 thin film anode within the 
microbattery were evidently observed. Secondly, surface potential change upon 
bias-induced Li+ insertion/extraction was also investigated through the combination of 
biased-AFM and Kelvin Probe Force Microscopy (KPFM). As a result, the decrease of 
surface potential after Li+ insertion/extraction cycles indicates the decrease of charge 
sustaining capacity and surface electrical degradation. Thirdly, a newly-developed 
SPM method, Electrochemical Strain Microscopy (ESM) was applied to investigate 
the distribution of electrochemical strain on both cathode and anode surface, which are 
closely related to the Li+ diffusion and re-distribution. In summary, the combination of 
various SPM techniques is an innovative and powerful tool to characterize the local 
electrochemical phenomena of lithium ion batteries, paving the promising pathways 
for exploring aging mechanisms at nanoscale.  
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9.2. Recommendations for Future Works 
On the basis of the conclusions drawn from this PhD study, the following 
suggestions are made for future studies:  
 In this study, nanoindentation experiment and analysis method has been 
established and proven to be reliable in characterizing the interfacial adhesion of thin 
film electrode. However, the investigation of interfacial reliability only covers four 
kinds of electrodes. Since electrode materials with specific crystal structure have 
individual aging mechanism, further research is recommended to extend this method to 
other thin film electrodes, such as anode materials based on “alloying/de-alloying”, 
cathode materials with olivine (LiFePO4) and layered structure (LiCoO2) to provide a 
more comprehensive insight into the aging mechanisms of lithium ion batteries.  
 One interesting aspect of future work is to develop an in-situ mechanical 
method, combining nanoindentation technique and electrochemical potentioastat, to 
detect the changes in mechanical response (P-h curves) during charge/discharge 
cycling simultaneously. However, the main challenge is the difficulty in the design and 
assembling of experimental equipment.  
 Another remarkable aspect of future work is to further develop the 
indentation method to characterize the interfacial adhesion of multilayer structure (e.g. 
all-solid-state microbattery). However, there are still serious limitations. Firstly, due to 
the complexity of the delamination model, it is very difficult to find equivalent 
expressions for key parameters, such as indentation induced stress and indentation 
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volume. Secondly, since the number of films in multilayer structure of battery is more 
than two, interfacial delamination may occur at more than one interface. Thus, the 
extension of analytical method from monolayer to multilayer structure remains a 
challenge, requiring in-depth theoretical analysis of adhesion mechanics, and even 
numerical simulations.  
 Finally, in-situ SPM studies on lithium ion batteries are still limited due to 
the lack of special SPM models. Therefore, several new models are needed to 
characterize other electrochemical behaviors of lithium ion batteries. For example, 
conductive AFM module (ORCA) can be used to detect the surface conductance in 
lithium ion batteries. Electrochemical Impedance Microscopy (EIS) can be used to 
measure the impedance change during cycling. Furthermore, fluid electrochemical-cell 
coupled with external potentiostat can be attached to conduct in-situ measurements on 
lithium ion batteries with fluid electrolyte, to investigate the local aging phenomena 
during charge/discharge cycling. 
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The diagram shows the signal enhancement on resonance frequency of band excitation 
approach, indicating the relationship between cantilever response (surface 
displacement), frequency and surface topography along a fast scan line.  
 
 
